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Introduction
Magnetic resonance imaging (MRI) provides a non-invasive opportunity to investigate organismic
tissue in vivo, making it a popular diagnostic tool in clinical applications (e.g. the imaging of
internal organs). In a strong magnetic field, MRI creates an image of the structure of the tissue by
mapping its response to a high-frequency electromagnetic excitation pulse in the frequency range
of MHz.
An excitation pulse sequence yielding a sufficient high time resolution is the echo planar
imaging (EPI) developed by Mansfield (Mansfield, 1977). In the EPI sequence, an image can
be recorded within milliseconds, which qualifies this pulse sequence for functional magnetic reso-
nance imaging (fMRI) measurements. Due to this timewise resolution processes can be monitored.
So, it is also possible to study changes in the blood flow of the brain to an external input by means
of fMRI. This technique allows to study the changes in physiological activity in neuronal tissue
over time because of the direct relationship between blood flow and neuronal activity in the brain.
FMRI is especially suitable to examine brain activation under cognitive tasks. On the other
hand, studying spontaneous fluctuations of brain activation in a paradigm without an explicit
task (resting-state fMRI (rs-fMRI)) provides the opportunity to investigate functional connectivity
changes in a brain. So, this technique enables to examine interacting brain regions and neuronal
networks. Thus, nowadays fMRI is an established method for neuroimaging in general as well as
basic research of mental disorders. To investigate the influence of specific brain regions or even
single neuron populations on a mental disorder it can be useful to study some aspects of the disease
in an animal model first and then translate and test the results in clinical studies.
Another important point is how to stimulate defined brain regions or neurons in an anesthetized
animal inside the magnetic resonance (MR) scanner. There are several ways to stimulate neurons
in the rodent brain, which can be divided into two groups: (1) Stimulation by external cues (e.g.
odors, light stimulus). Targeting neurons are responsible for sensory perception, such as the ol-
factory system or the optic tract. (2) Electrophysiology. Here, neurons are directly stimulated
by implanted electrodes. Both external excitation and electrophysiology methods are problematic.
External excitation can only be used for a specific type of neurons and is therefore not applicable
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to all brain regions and neurons. While electrodes can be implanted in multiple brain areas, here
the problem consists in the unintentional excitation of unspecific neurons in the surroundings of
the electrode. To overcome these drawbacks, selective stimulation by optogenetics offers a new
opportunity. By optogenetics, it is possible to manipulate and control the opening of specific ion
channels in a cell membrane by photostimulation. Neurons can be excited or silenced depending
on the type of the ion channel used.
The basis of optogenetics was the discovery of rhodopsin, the responsible photoreceptor for
flagellar motion in algae (Foster et al., 1984). At the beginning of the 2000s several research
groups succeeded in clarifying the nucleotide sequence of the photoreceptor in the green algae
Chlamydomonas reinhardtii, called channelrhodopsin-1 (ChR1) and channelrhodopsin-2 (ChR2)
(Sineshchekov, Jung, & Spudich, 2002; Suzuki et al., 2003). In 2005, Boyden et al. were able
to control the firing activity of mammalian neurons in vitro using channelrhodopsin as a genetic
tool for the first time (Boyden, Zhang, Bamberg, Nagel, & Deisseroth, 2005). In Caenorhabdi-
tis elegans, a transparent nematode, it was demonstrated that the behavior of an animal can be
controlled by stimulation of muscle and neuron cells expressing ChR2 (Nagel et al., 2005). In a
behavioral experiment in mice, Adamantidis et al. first described remote-control by stimulation of
the motor cortex of vertebrates (Adamantidis, Zhang, Aravanis, Deisseroth, & De Lecea, 2007).
Again, it was Deisseroth’s laboratory that first combined fMRI with optogenetics (opto-fMRI). A
significant increase of brain activity in fMRI due to optical stimulation in the motor cortex was
proven (Lee et al., 2010). Today, various types of rhodopsins can be segregated. It is possible to
implement two different types of rhodopsins in the same cell. As a result of their response to differ-
ent wavelengths, the cell firing can be simultaneously controlled by stimulation of the excitatory
channel or silenced by an opened inhibitory channel (Zhang et al., 2007).
Combining optogenetics and fMRI poses several challenges. Due to the implanted optical fiber
in the skull, enough space under the surface coil must be guaranteed. Therefore, the paneling of
the coil contains a hole through which the implant and the optical fiber can be passed through.
The aim of this thesis is to demonstrate the strength of optogenetic fMRI (opto-fMRI) to inves-
tigate psychological disorders when glutamatergic neurons are involved. Network analyses of the
hippocampal-prefontal network are performed in mice by stimulating the left hippocampus. A sec-
ond focus is set to functional connectivity mapping of the oxytocin depending system. Therefore,
oxytocin-releasing neurons in the paraventricular nucleus and the amygdala are stimulated in rats.
2
1. Theoretical Background
This chapter will illustrate the underlying physics of magnetic resonance imaging (MRI) and in-
troduces the basics of functional MRI. Moreover, it will explain the principles of optogenetics and
the tools used for analyzing data.
1.1. Magnetic Resonance Imaging
Every atom possesses a magnetic moment. MRI requires atoms with a magnetic moment different
from zero, which is the case for nucleons with an uneven number of protons or neutrons. For atoms
with an uneven number of nucleons such as 1H, 13C or 31P, the magnetic moment is half-integer.
In a static magnetic field, like in a MR scanner, the spins are directed parallel or antiparallel to the
magnetic field following the Boltzmann distribution in thermal equilibrium. At room temperature
this means there is a small excess of spins in the direction of the external magnetic field leading to
an overall magnetization (31 ppm at a magnetic flux density of 9.4 T). However, this small excess
of magnetic moments, the so-called longitudinal magnetization, is sufficient to characterize the dif-
ferent tissues in a probe. If an ensemble of 1H nuclei is introduced in a static magnetic field with a
magnetic flux density of B0, the magnetic moments of the nuclei precess around the magnetic field
direction at Larmor frequency, given by the equation ω = γ×B0. Hence, the Larmor frequency is
proportional to the local magnetic flux density B0 and the gyromagnetic ratio γ , which is nucleus-
specific. For 1H nuclei the gyromagnetic ratio amounts γ1H = 42.57MHz/T . The spins precess
with an indefinite phase difference leading to a compensation of the transverse magnetization over
the ensemble. By generating a brief transverse magnetic field with a resonant radio frequency (RF)
pulse, the hydrogen nuclear spins can be tilted out of the magnetic field direction and set in phase
coherence, resulting in transverse magnetization. This transverse magnetization can be detected
and is the source of the signal in MRI.
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1.1.1. Relaxation
After an excitation, the transverse magnetization will dissipate after a specific amount of time and
the longitudinal magnetization will return to its pre RF-excitation state. Two different mechanisms
regulate this process:
The longitudinal magnetization ML rises again with the longitudinal relaxation time T1 due to
interaction of the spin with the surrounding molecular structures, transferring the energy obtained
from the RF-excitation pulse to the lattice (spin-lattice interaction).
ML(t) = M0 · (1− exp(−
t
T1
)) (1.1)
The transverse magnetization MT dephases with the transverse relaxation time (T2) caused by
spin-spin relaxation, which induces the free induction decay.
MT (t) = MT (0) · exp(−
t
T2
) (1.2)
In this process, the phase coherence is reduced by the interaction of adjacent spins with each
other and the electrons in a molecule. This leads to fast fluctuating small changes in the resonance
frequency and thus, to a dissipation of the transverse signal, which cancels out the transverse
magnetization MT = 0. In fact, the phase coherence is diminished much faster (T
∗
2) by local static
field inhomogeneities induced by electrons of surrounding molecules and additional impact of
susceptibility difference within the tissue. The transverse relaxation time T∗2 is defined as:
1
T ∗2
=
1
T2
+
1
T in2
(1.3)
where T2 is the transverse relaxation time and T
in
2 the time of the magnetization decay caused
by the field inhomogeneities. This decay can be reversed if the occurring magnetic field inhomo-
geneities are constant over time. The relaxation times T1, T2 and T
∗
2 are influenced by the local
environment and molecule structure of the hydrogen nucleus. This enables the distinction of dif-
ferent tissue times, e.g. T1 is longer for liquor compared to fat, which means less signal intensity
in T1-weighted images.
1.1.2. Image Generation
Since the Larmor frequency ω depends on the external magnetic field, external locally-varying
magnetic field gradients can be used for image generation. A precise localization of a small
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volume - a so-called voxel - can be achieved by switching three perpendicular magnetic field
gradients. The first gradient, the so-called slice-selection gradient, applies a magnetic gradient
in one direction. So, only magnetic moments in one slice, perpendicular to the applied gradient
direction, precess with the resonant Larmor frequency ω . For further separation within the slice,
a perpendicular gradient, the phase encoding gradient, is switched on for a brief interval, which
results in a line-by-line phase coherence of the spins. The third direction in space is determined
by the so-called read-out gradient, which is perpendicularly oriented to the other two. The read-
out gradient ensures that every column of spins precesses with a different position-dependent
frequency. The signal of one slice is thereby frequency encoded and the local signal distribution
can be calculated by a Fourier transformation.
1.1.3. Functional Magnetic Resonance Imaging
In the early nineties of the 20th century, the MR technique was used to investigate functional brain
parameters for the first time, which was the birth of fMRI (Belliveau et al., 1992). The imaging
process is based on the blood oxygen level dependent (BOLD) effect (Ogawa, Lee, Kay, & Tank,
1990). The BOLD effect yields an indirect method to measure activation changes in a specific re-
gion over time and consists of two different processes. If a neuron or cell is firing, the metabolism
of the cell is enhanced, which induces an increased oxygen consumption, followed by a regional
raise of the cerebral blood flow. The ferrous ion in deoxyhemoglobin possesses paramagnetic
properties unlike the diamagnetic effect in oxyhemoglobin (Ogawa, Lee, Nayak, & Glynn, 1990;
Ogawa & Lee, 1990). This different magnetic behavior leads to regional inhomogeneities result-
ing in changes of the T∗2 relaxation time of hydrogen nuclei and causing differences in the recorded
imaging contrast. Due to the complex activation cascade, the BOLD answer to a stimulus is de-
layed. To analyze the fMRI data, the signal is convolved with the hemodynamic response function
(HRF), which expresses the BOLD signal characteristics. Additionally, the stimulation paradigm
is considered by a function taking into account the onset times and the duration of the stimulation
(Figure 1.1). The HRF differs between species and should be determined for each measurement.
It is necessary to investigate the characteristics of the HRF by a brief stimulation paradigm, other-
wise the HRF cannot be determined exactly due to the convolution with the stimulation duration.
Conventional imaging methods use one excitation to measure phase encoded image line. Af-
ter a short latency, the repetition time (TR) in which the longitudinal magnetization recovers the
next image line is measured. Since this process is too time consuming to measure dynamic signal
changes, e.g. the BOLD signal, a faster imaging method is required for fMRI. The EPI sequence
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Figure 1.1.: Modeled signal response to a stimulation: Left: stimulation design, with a stimulation dura-
tion of 20 s; Right: canonical hemodynamic response function (HRF) used in SPM; Bottom: convolution of
the stimulation design with the HRF to model the signal response
developed by Mansfield (Mansfield, 1977) meets these requirements. In a single-shot EPI se-
quence, an image can be obtained within a few milliseconds by a single excitation RF pulse, but it
challenges the scanner system by the requirement of fast switching gradients.
The principle of this technique consists of perennially refocusing the spins after one excitation
pulse and generating a gradient echo of the initial signal after the echo time (TE). To achieve the
coherence of the spins, a fast bipolar oscillation of the read-out gradient and a brief flip of the
phase encoding gradient at the zero crossings of the oscillation is switched.
This fast imaging technique is especially suitable to study brain activation using a task-related
paradigm as well as to investigate connectivity changes. For these reasons, fMRI has been estab-
lished as a key method in basic research of mental disorders.
1.1.4. Resting-State
Resting-state refers to the brain activity oscillations at rest, with no task or other external stim-
ulation being performed, and subsequently analyzing the synchronicity and correlations of these
oscillations. It is therefore necessary to monitor the progress of the BOLD signal for a minimum
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of eight minutes to obtain a sufficient low-frequency range. In addition, it is of great importance
to eliminate external factors that influence the BOLD signal, like motion or physiological noise.
The focus of the resting-state analysis is on the lower frequencies. Biswal et al. demon-
strated in human resting brains that sensorimotor cortex regions and regions associated with motor
functions correlate in BOLD time courses (Biswal, Yetkin, Haughton, & Hyde, 1995). In 2003,
Greicius et al. reported about the default mode network, which is deactivated during cognitive
tasks (Greicius, Krasnow, Reiss, & Menon, 2003). Fox et al. confirmed that synchronized fluctua-
tions of different brain regions correlated with other known brain networks (Fox et al., 2005). For
recording, EPI sequences have been established in MRI, due to their relative high time resolution
resulting in a higher upper frequency limit. Thus, resting-state measurements are perfectly suit-
able for investigating networks and network changes. Additionally, high translational consistence
was shown for various networks between rodent and human studies (Kannurpatti & Biswal, 2008;
Hutchison, Mirsattari, Jones, Gati, & Leung, 2010; Lu et al., 2012). In the growing field of net-
work analysis, there are a wide range of analysis tools like correlation matrices between diverse
region of interest (ROI), seed to voxel analysis or graph theory.
1.2. Animal Models
To gain a fundamental understanding of the causes and progress of diseases, it is often useful
to study mental disorders by means of an animal model. Here, resting-state measurements have
proven high concordance between animal and human data for network investigations (Kannurpatti
& Biswal, 2008; Hutchison et al., 2010; Lu et al., 2012). The disadvantage of using animal
models is that animal models only picture some symptoms of a disease and never cover the whole
clinical picture. On the other hand, animal models can offer the opportunity to study the impact of
individual aspects of a disease. This allows us to study the response to a specific medication or diet.
If symptoms of the disease occur only under stimulation or activation of a specific brain region,
there are several methods to simulate the animal model by using an external trigger (e.g. for pain
electric shocks of the paw, or by whisker stimulation). Another option is to stimulate the neurons
of the brain ROI directly by electrodes, for instance. The disadvantages of electrophysiological
stimulation are the depolarization of unspecific neurons, the invasive manner of the surgery and,
associated therewith, the possible lesions of brain areas.
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1.3. Optogenetics
Foster at el. demonstrated that the responsible photoreceptor for flagellar motion in algae is
rhodopsin (Foster et al., 1984). This finding provides the basis of the development of optoge-
netics. The era of optogenetics started at the beginning of the early 2000s, with the isolation of
channelrhodopsin and the first successful control of overexpressing neurons. Opsins are used as
light sensitive molecules. Their molecular structure can be modified by light of a defined wave-
length. In Figure 1.2 the conformation change is demonstrated for rhodopsins; stimulated by light
the molecule conformation changes from an elongated form to an angled formation (Kato et al.,
2012).
CH3
CH3
CH3 CH3
H
3C
N
+
Protein
H+CH3
CH3
CH3 CH3
H3C
N
+
Protein
H
in darkness
under light
stimulation
all-trans retinal 13-cis retinal
Figure 1.2.: Structural change of channelrhodopsin-2 (ChR2) molecule induced by light irradition:
Left: ChR2 in basic state. Right: ChR2 in excited state by stimulation of light with a wavelength of 473 nm
(Hegemann & Möglich, 2011)
The basis of optogenetics is the intrusion of light sensitive ion channels such as ChR2 or na-
tronomonas pharaonis halorhodopsin (NpHR) into neurons. This can be achieved in two different
ways: (1) By creating a transgenic animal line, which expresses the ion channel in the desired type
of neurons. (2) The more common way, by infiltrating the ion channel, together with a promoter
(e.g. α-calcium/calmodulin-dependent protein kinase II (CamKII)) into the neuron by transfection
of the cells using a virus as a carrier (e.g. adeno associated viral (AAV) vector or herpes simplex
virus (HSV)). A combination of both ways can also be found, where the injected virus is only
expressed in genetically defined neurons belonging to the transgenic line.
Approximately three weeks after transfection, the ion channels are expressed in the cell mem-
brane (Knobloch et al., 2012). For precision, the injection is performed by stereotaxis, in which
the head of the aneasthetized animal is fixed. After full expression of the ion channel, an optical
fiber with a diameter less than 300 µm is stereotactically implanted at the required position. Opto-
genetics provides the opportunity to express excitatory as well as inhibitory channels. By optical
stimulation of ChR2, cations are transported across the cell membrane, which causes a depolar-
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ization of the cell and initiates a firing process. The absorption spectra reaches its maximum for
ChR2 in the visible blue light at a wavelength of 473 nm. With implemented NpHR pumps, chlo-
ride ions are carried into the cell under light stimulation and thereby silence excitatory cells. The
optimal operating range is in the yellow light range with the absorption maximum at about 570 nm.
Because the absorption spectrum of ChR2 and NpHR do relatively little overlap, it is also possible
to insert both types of rhodopsins into the same cell. This provides the opportunity to either excite
the cell via the ChR2 channel by blue light stimulation or to inhibit firing by a NpHR pump by
yellow light stimulation (Zhang et al., 2007). Optogenetics provides huge advantages compared
to other techniques such as electric stimulation. Due to the genetic manipulation of a neuron pop-
ulation or single cells, optogenetic stimulation only addresses these specific neurons. Moreover,
optogenetics offers the opportunity to inhibit neurons, whereas electrical stimulation initiates fir-
ing processes in all surrounding neurons. Other beneficial properties of light stimulation are the
reversibility of the effect and the short latency of the light activated molecules to illumination.
ChR2
Na+ Cl
-
NpHR
intracellular 
Figure 1.3.: Functionality of optically exciting channels in the cell membrane: Left: Channelrhodopsin-
2 (ChR2) works as an ion channel and infiltrates Na+ ions through the cell membrane into the interior of the
cell. Right: Natronomonas pharaonis halorhodopsin (NpHR) works as an ion pump and transports Cl- ions
into the interior of the cell.
1.4. Analysis Tools
The data were preprocessed and analyzed using different analysis tools developed in MATLAB
(MathWorks, Natick, Massachusetts, USA) and SPM1, Version 8. In addition to first-level and
second-level t-test statistics, the psychophysiological interaction (PPI), and resting-state networks
1http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
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analysis based on graph theory were used. The network analyses were corrected with the network-
based statistic (NBS), which represents a statistical correction for network connections similar to
a cluster correction in fMRI.
1.4.1. Psychophysiological Interaction
Several analytical tools are available to investigate connectivity. Whereas functional connectivity
is analyzed by correlating time courses of different brain regions, dynamic causal modeling es-
timates the underlying causal structure of the network (Friston, Harrison, & Penny, 2003). The
disadvantage of the latter is the high computational effort, so that in general it is restricted to
small defined networks, while correlation coefficients are determined for the whole measurements.
So, no changes in functional connectivity can be resolved within the acquisition period. The psy-
chophysiological interaction (PPI) combines aspects of both approaches and can be described as
“directed functional connectivity” (Friston et al., 1997).
Thus, PPI provides the opportunity to investigate changes of the functional coupling between
different brain regions influenced by a given external trigger. In general, the resulting activity of
one region can be interpreted as the sum of all influences from all other brain regions (Friston et al.,
1997). In PPI, the influence of one seed region to one target region is analyzed, while additional
modeling design effects, like different tasks, are performed.
In a regression analysis, a general linear model (GLM) estimation tries to explain the signal in
the target region due to the input signal of the seed region. Taking into account that the influence
of all the other regions in this model is ignored, the proper designation for the result would be
the contribution of the seed region to the target region and not effective connectivity. Now, if the
psychological or experimental conditions are changing during the image recording, the contribu-
tion of a seed region to the target region can change as well (Friston et al., 1997). For calculating
the signal referring to each condition the method of the generalized PPI (gPPI) was used, which
is based on the same mathematical approach (Friston et al., 1997). In this thesis, the extended
approach from Gitelman et al. is used. He implemented a step, which reverses the convolution
of BOLD signal with the HRF to receive the neuronal activity of the recorded signal (Gitelman,
Penny, Ashburner, & Friston, 2003).
xi = xk×gp ·βi+[xkgpG] ·βG+ ei, (1.4)
whereas xi is the estimated signal of the voxel i and the first term xk× gp represent the psy-
chophysiological interaction. The term stands for the element to element product of the physio-
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logical activation of region k and an experimental parameter of the task-dependent design gp. The
matrix G is a collection of parameters of non-interest. βi , βG are the estimation parameters and ei
is the error term.
In the gPPI approach, for every experimental condition a single vector is created and subse-
quently, convolved with the HRF (McLaren, Ries, Xu, & Johnson, 2012), which provides the
opportunity to investigate the influence of the single conditions compared to a baseline condition
as well as to compare the two conditions with each other.
Hence, this method is suitable to describe functional connectivity changes during a task depen-
dent measurement.
For interpretation of PPI results there are two approaches:
1. Contribution of region k modulates the response capability of the target region to the exper-
imental/psychological factor (Figure 1.4 left).
2. Contribution of region k to the target region is modulated by the experimental/psychological
factor (Figure 1.4 right).
Activity in
region k
Experimental
factor
Response
in region j
Activity in
region k
Experimental
factor
Response
in region j
Figure 1.4.: Two possible ways to interpret psychophysiological interaction data: Left: The impact of
the seed region k on the response of region j is influenced by the experiment. Right: The impact of the
experiment on the response of region j is influenced by the activity of the seed region k.
1.4.2. Seed-Based Anaysis
A hypothesis-driven analysis approach is the seed based analysis. Here, determined brain regions
are set as seed regions. The averaged time courses over all voxels included in this seed is calculated.
This mean time course is afterwards correlated to every other voxel.
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Due to the amount of voxels, a correction for multiple comparison is essential, here, a false
discovery rate (FDR) cluster correction was performed.
1.4.3. Graph Theory Analysis
The brain can be described as a complex structure of discrete connected nodes, but only since the
last fifteen years has graph theory been used to characterize the brain as a network. Graph theory
is a theoretical construct to describe a network consisting of nodes, which are partially linked. The
brain can also be divided into regions (nodes), which are functionally connected by links, if their
resting-state time courses are correlated above a determined threshold. For analyzing a graph, a
wide range of parameters are developed to classify the type of network and to identify changes
in the network. In the following context, the suprathreshold correlation coefficients between two
ROIs are used to calculate these parameters. Thereby, the correlation coefficient also serves as
weighting coefficient, which includes information about the strength of one connection.
modules
triangle
clustering coefficient
degree
strength
shortest path
characteristic path length
global efficiency
betweenness
centrality
Figure 1.5.: Illustration of graph theoretical measures to characterize networks: Nodes are illustrated
by black dots, the strength of the connections is expressed by the thickness of the lines. Centrality of one
node is based on degree (green) or shortest path length; parameters based on shortest path length (blue)
are measures for integration, whereas parameters based on triangle (red) or modules are measures for
segregation (see (Rubinov & Sporns, 2010)).
The parameters, used in this thesis, will be explained in the following (Figure 1.5). In general,
graph theoretical parameters can be divided into two different types: Global and local parameters.
Global parameters describe properties concerning the entire network, while local parameters con-
stitute the characteristics of single nodes. To begin with a most elementary local measure, the
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degree is defined as the number of links of a single probed node p, whereby only suprathreshold
links are included (For all mathematical formula, see table 1.1 (Blondel, Guillaume, Lambiotte,
& Lefebvre, 2008; Rubinov & Sporns, 2010, 2011)). Adding up the weighting of all the links of
one node p, the strength of the probed node p is obtained. If two nodes, which are linked to the
probed node p, are also directly connected - that is, if the three nodes form a triangle - then this
construct is called a cluster. The clustering coefficient (cc) is calculated by the amount of triangles
in relation to all connections of the node p, which is a measure for subgroups within the network.
To investigate more than just the direct neighborhood of one node, it is necessary to establish
another local parameter. The shortest path length (spl) is defined as the minimal distance between
two linked nodes via other nodes. If two nodes are not connected, the path length is taken to be
infinite.
With the spl, several additional parameters can be defined, characterizing a given network.
Here, the local efficiency should be mentioned as a measure, which determines the efficiency of
one node by calculating the sum over all spl of two connected nodes via the probed node. The
parameter betweenness centrality investigates similar properties of one node, but in this case the
fraction of the number of shortest paths via the probed node and the total number of shortest paths
between two nodes is summed. Both parameters are an indicator of the importance of the probed
node p, due to the lower energy costs and hence, in terms of evolution an important advantage
compared to other species.
Other global parameters can be defined with the spl, like the characteristic path length (cpl) as
a global measure of a network. Therefore, the normalized sum is formed of all averaged distances
of the probed node p to all other nodes. The local scales of the cc, local efficiency can also be
calculated as a global measure by averaging the local values. The global efficiency describes the
inverse of the averaged path length over the network, thus, it is also a measure of the efficiency of
passing information within the network.
A network can be fully subdivided in non-overlapping modules (Blondel et al., 2008). The
modularity of the network specifies the interconnection of different modules.
Besides the modularity, there are several other global parameters, like small-world index (swi),
which is a measure for interconnected networks with short cpl. It has been shown that several brain
networks are organized in a small-world architecture (Stam, 2004; Achard, Salvador, Whitcher,
Suckling, & Bullmore, 2006; Stam, Jones, Nolte, Breakspear, & Scheltens, 2007).
Complex network properties have to be compared to a standard null model like Rubinov et al.
demonstrated (Rubinov & Sporns, 2011). Here, the null model was created by an algorithm, which
preserves for each node the degree and the weight of the links. With these boundary conditions, the
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Table 1.1.: Formulary of graph theory parameters applied in this thesis
Parameter Formular
N: set of all nodes in the network
n: number of nodes
Degree: links to region i; ai j = 1, if a link between
region i and j exists, otherwise ai j = 0
ki = ∑ j∈N ai j
Strength: weighted links between region i and j kwi = ∑ j∈N wi j
Shortest path length: between region i and j; with f
as a map from weight to length and gwi↔ j as shortest
weighted path between i and j
dwi j = ∑auv∈gwi↔ j f (wuv)
Characteristic path length of the network Lw = 1n ∑i∈N
∑ j∈N, j 6=i d
w
i j
n−1
Clustering Coefficient Cw = 1n ∑i∈N
2twi
ki(ki−1)
with t =̂ geometric mean of triangles around i twi =
1
2 ∑ j,h∈N(wi jwihw jh)
1/3
Local Efficiency Ewloc =
1
2 ∑i∈N
∑ j,h∈N, j 6=i wi jwih[d
w
jh(Ni)]
−1)1/3
ki(ki−1)
Global Efficiency Ew = 1n ∑i∈N
∑ j∈N, j 6=i(d
w
jh)
−1
n−1
Modularity: with δmi,m j = 1, if mi = m j, otherwise
δmi,m j = 0 and the sum of all weights of the links in
the network lw = ∑(i, j∈N)w(i j)
Qw = 1lw ∑i, j∈N [wi j−
kwi k
w
j
lw ]δmim j
Betweenness centrality: with ρh j number of shortest
path length between h and j and ρh j(i) number of
shortest path length between h and j through i
bi =
1
(n−1)(n−2) ∑ h, j∈Nh6= j,h 6=i, j 6=i
ρh j(i)
ρh j
Small-worldness: with cluster coefficient Cwrand and
characteristic path length Lwrand of random network
Sw = C
w/Cwrand
Lw/Lwrand
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algorithm randomizes the network connections using the connection-switching method (Wormald,
1999). Afterwards, the weights of the original networks are ranked by magnitude and assigned to
links so that in the end the original strength of one node is closely approximated.
Graph theory is an attractive tool for neuroscience especially due to the fact that already sig-
nificant differences in the networks have been demonstrated for various psychiatric diseases, like
schizophrenia (Liu et al., 2008; Micheloyannis et al., 2006; Rubinov et al., 2009) or Alzheimer’s
disease (Stam et al., 2007; Supekar, Menon, Rubin, Musen, & Greicius, 2008; He, Chen, & Evans,
2008; Stam et al., 2009), and even regarding age (Achard & Bullmore, 2007). Moreover, several
studies with animal models demonstrated high consistency to human studies (Becker et al., 2016).
For graph theory analysis, only the number of the highest correlations are included with the
threshold defined arbitrarily. By this means, the graph theoretical parameters were calculated for
a number of thresholds in this thesis. Subsequently, the means over all calculated thresholds were
analyzed in a group comparison by a two-sampled t-test.
1.4.4. Network-Based Statistics
A problem, which occurs for this huge amount of multiple comparisons, is the loss of power of
the conventional correction processes, such as family wise error (FWE) correction, used in SPM,
for instance. In classical corrections, the individual links are tested independently for significance.
Here, the network-based statistic (Zalesky, Fornito, & Bullmore, 2010) takes a different approach.
Several interconnected nodes provide a component. The NBS identifies such components tak-
ing only suprathresholded links of connected nodes into account. Afterwards, the size of each
component is tested for statistical significance, while Bonferroni or FDR correction independently
correct every individual link. In this method, the components or clusters are corrected as one
element, with the disadvantage that the statistical strength of the individual connections is lost.
Thereby, only statements about the whole component and not about a single link can be provided.
The NBS calculates the probability of finding a random network with the size of the probed com-
ponents by chance. Therefore, M independent permutation tests are performed, which rearrange
the links randomly between the regions, and afterwards, counts the maximum size of the resulting
clustered connections. A component is evaluated as significant if less than 5 % of the randomly
generated networks reach the size of the network under test.
In this thesis, the group differences in the resting-state correlations as well as the PPI measure-
ments have been corrected with NBS.
15
16
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2.1. Setup and Preparations
All measurements were performed on a small animal Bruker Biospec MRI scanner (Bruker Et-
tlingen, Germany) with a bore size of 20 cm and field strength of 9.4 T. The system is equipped
with Avance III hardware, a BGA12S gradient system with a maximum strength of 705 mT/m and
runs Paravision software. A combination of a linear whole-body volume transmitter coil and an
anatomically shaped surface receiving rodent brain coil was used for transmission and reception.
These surface coils were specially designed and the fiber optics for the optogenetic stimulation
can be passed through a hole in their center (Figure 2.1).
2.2. Animals and Husbandry
All procedures were conducted according to the regulations covering animal experimentation
within the European Union (European Communities Council Directive 86/609/EEC) and within
the German Animal Welfare Act. All experiments were approved by the German animal welfare
authorities (Regierungspräsidium Karlsruhe). The experiments were performed with male mice
MR scanner
fiber optic
head fixation
surface coil
animal bed
Figure 2.1.: General experimental setup: surface coils with hole and passing fiber optic, with the rat lying
prone and head first (here, shown for rats).
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(Charles River, Wilmington, MA) and female Sprague-Dawley rats (Charles River, Wilmington,
MA). In a standard 12-hour light/dark cycle 2-3 mice or 2-4 rats were kept per cage with food and
water ad libitum.
Mice: For control experiments, C57BL/6NCrl wild-type mice were used. We investigated het-
erozygous transgenic male mice (α-CamKII-Cre) of the same genetic background, expressing Cre
recombinase driven by the α-Ca2+-calmodulin-dependent protein kinase II (α-CamKII) promoter
(TgCre4) (Mantamadiotis et al., 2002) for the optogenetic experiments.
Rats: We divided the wild-type female rats into three groups according to the location of the
fiber implant. The first group had fibers implanted in the amygdala (amygdala group, N = 12), the
second (paraventricular nucleus (PVN) group, N = 15) and third group (control group, N = 9) in
the paraventricular nucleus. After the surgery, the rats were separated to avoid possible damage or
injuries.
2.2.1. Stereotactic AAV Injection
Mice: By injecting a Cre-inducible recombinant AAV vector (rAAV1/2 -FLEX -ChR2(H134R):-
YFP) (Cardin et al., 2009) into heterozygous α-CamKII-Cre mice the cell-type-specific expression
of ChR2 was induced. Mice (age> 8 weeks) anesthetized with isoflurane received 0.25 µl of puri-
fied AAV vector injection into the left dorsal hippocampus (HC) (from bregma: posterior 2.2 mm,
lateral 1.5 mm; ventral 1.5 mm from brain surface). Cre-dependent recombinant AAV vectors
were produced with AAV1/2 coat proteins and purified with heparin columns to a final viral con-
centration of approximately 1016 genome copies/ml (Wieland et al., 2014). For all wild-type and
α-CamKII-Cre a mono fiber optic cannula with a fiber core diameter of 300 µm and a numerical
aperture of 0.37 (Doric Lenses, Québec, Canada) was implanted stereotaxically in the left HC,
which was fixed by dental cement. To ensure sufficient expression of ChR2 in the cell membrane,
the mice recovered at least 21 days before scanning.
Rats: Rats of the age of 8 weeks and older were anesthetized with isoflurane. The amyg-
dala group received a bilateral injection of 0.5 µl of purified rAAV1/2-OXT-ChR2:mCherry virus
(Knobloch et al., 2012) with approximately 1013 genomic copies/ml in the titer. The AAV was
injected in the PVN (coordinates relative to bregma: posterior -1.8 mm; lateral ±0.4 mm; ven-
tral -8.0 mm), in the supraoptic nucleus (SON) (posterior -1.4 mm; lateral ±1.6 mm; ventral -
9.0 mm) and in the accessory magnocellular nucleus (AN) (posterior -2 mm; lateral ±1.2 mm;
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ventral -8.5 mm). The PVN group received a single injection in the PVN with a lateral angle
of 80 ° (coordinates relative to bregma: posterior -1.8 mm; lateral 0.0 mm; ventral -8.1 mm). Af-
ter the infection, we waited at least three weeks (to ensure sufficient expression of the ChR2
(Knobloch et al., 2012)), before we implanted the 10 mm fiber optic (0.22 NA) cannula with a
1.25 mm ceramic ferrules (Thorlabs, Newton, New Jersey, USA) into the rats brains. For the
amygdala group, fiber optics were implanted stereotaxically bilaterally above the amygdala (coor-
dinates relative to bregma: posterior -2.5 mm; lateral ±3.9 mm; ventral -8.0 mm). For the PVN
group and the control group, the fiber optic was implanted stereotaxically with a lateral 80 ° angle
ending midline above the PVN (coordinates relative to bregma: posterior -1.8 mm; lateral 0.0 mm;
ventral -8.1 mm). The correct position of the fiber tip was confirmed in the measuring session by
T2-weighted MRI 3D images. After two days of recovery, the animals were examined in the MRI.
2.2.2. Anesthesia and Monitoring of Vital Functions
Before scanning, the animals were initially anesthetized with 4 % isoflurane (Baxter Deutschland
GmbH, Unterschleissheim, Germany) in a mixture of N2 (70 %) and O2 (30 %) and positioned in
the scanner prone and head first. During the necessary adjustment measurements, the anesthesia
was reduced to 1.5 % isoflurane for mice, and to 2.5 % isoflurane for rats, respectively. A bolus
of medetomidine solution (Domitor®, Janssen-Cilag, Neuss; 0.07 mg/kg), 0.4 mg/kg for mice and
0.04 mg/kg for rats, was injected subcutaneously. Afterwards, the isoflurane anesthesia was slowly
reduced over 10 minutes. Subsequently, a continuous infusion of medetomidine solution was
administered with a rate of 0.8 mg/kg/h for mice (Adamczak, Farr, Seehafer, Kalthoff, & Hoehn,
2010) and 0.14 mg/kg/h for rats (Kalthoff, Seehafer, Po, Wiedermann, & Hoehn, 2011; Jonckers,
Van Audekerke, De Visscher, Van der Linden, & Verhoye, 2011). Breathing and cardiac signals
were monitored and recorded with a sampling rate of 100 Hz using a respiration pad placed beneath
the chest (Small Animal Instruments Inc., NY, USA) and a pulse oximeter attached to the tail
or the paw, respectively. After the final MR experiment, a mixture of Atipamezol (Antisedan®,
Janssen-Cilag, Neuss; 1 mg/kg) and 0.3 ml for the mice and 2 ml for the rats of saline solution
was injected subcutaneously to reverse the sedative effect and to compensate for fluid loss during
the experiments.
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2.2.3. Expression Analysis
An overdose of isoflurane was administered to the mice and the rats followed by a transcardiac
perfusion with phosphate buffered saline at 37 °C. Subsequently, they were perfused with 4 %
paraformaldehyde (PFA) and post-fixed in 4 % PFA for 12 hours at 4 °C.
Mice: The sections were stained with a fluorescence Nissl staining kit (Invitrogen) and mounted
with Fluoromount (Sigma). For the analysis of the expression in the glutamatergic neurons in the
HC, a Neurolucida System (Microbrightfield) attached to an epifluorescence microscope (Zeiss
Imager, 20 x objective) was used.
Rats: 50 µm thick coronal slices of the hypothalamus were cut with a vibratome for rats. Bilat-
eral expression of ChR2:mCherry in neurons of the PVN, SON and AN for the amygdala group
and in the PVN neurons for the PVN group was confirmed for each animal with an epifluorescence
microscope (Zeiss AxioImager).
2.3. Optical Stimulation
A diode-pumped, solid-state laser (Shanghai Laser & Optics Century, Shanghai, China) with an
emitting wavelength maximum at 473 nm and a maximal laser power of 25 mW was used for all
optical stimulations. Via 300 µm multimode optical fibers for mice and 200 µm for rats (Doric
Lenses, Québec, Canada), the optical stimulation was delivered in the brain by coupling the fiber
to the implanted cannula. Before each fMRI measurement, we monitored the laser power in a
continuous laser-on condition with a power meter (Thorlabs, Newton, New Jersey, USA). The
laser paradigms were triggered by the first pulse signal of the EPI sequence and the stimulation
paradigms were controlled via a 10 kHz transistor-transistor logic (TTL) modulation from Master-
8 (A.M.P.I., Jerusalem, Israel). Two different laser stimulation paradigms were used for the in-
vestigations in the mice as well as in the rats. The laser power was calculated by averaging the
delivered laser power over the irradiation period.
2.3.1. Stimulation Paradigms in Mice
Two laser stimulation paradigms were performed in the mice, both were constituting a 30 s stim-
ulation period and a 30 s rest period. The irradiation was delivered by 5 ms light pulses with a
repetition frequency of 40 Hz for both stimulation paradigms. The first paradigm consists of three
repetitions of 1 s burst stimulations with an interval of 9 s, followed by 30 s without stimulation
20
2.3. Optical Stimulation
Laser on
Laser off
12 min
1 s
9 s 30 s
Laser on
1 s
Laser on
1 s
Laser off
9 s
x 12
12 min
Laser on
30 s
Laser off
30 s
Laser off
30 s
Laser on
30 s
Laser on
30 s
x 3
Laser on
30 s
30 s 30 s
Laser off Laser off
a)
b)
9 s
Figure 2.2.: Laser stimulation protocols for stimulation of glutamatergic neurons of the hippocampus
were performed for 12 min with a pulsed laser irradiation of 40 Hz and a pulse duration of 5 ms: a)
First paradigm: 12 repetitions of 60 s-stimulation cycle containing three bursts of 1-s laser irradiation and
9 s rest interval, followed by additional 30-s laser off period. b) Second paradigm: 12 repetitions of block
stimulations consisting of 30-s laser irradiation and 30-s rest period.
(Figure 2.2 a). This “burst” paradigm, with an event-related character, is also suitable to study the
HRF. To test the effects caused by the irradiation of the laser, a second paradigm consisting of 30 s
blocks of laser pulses, followed by a rest period of 30 s without laser irradiation was also investi-
gated in wild-type mice without virus injection (Figure 2.2 b). For the block design, two different
laser powers of Paverage = 1 mW, 2 mW and for the burst stimulation additionally of Paverage=3 mW
were studied.
2.3.2. Stimulation Paradigms in Rats
For excitation of oxytocin-releasing neurons in the amygdala and the PVN, one burst and one
block stimulation paradigm was performed. Both paradigms consisted of 10 ms light pulses with
a repetition frequency of 30 Hz and an averaged laser power of 1.5 mW. In the burst stimulation
paradigm, a 1 s stimulation was followed by 29 s of rest period (Figure 2.3 a). The block stimula-
tion contained a 20 s of laser irradiation, followed by a 120 s rest period without laser stimulation
(Figure 2.3 b).
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Figure 2.3.: Laser stimulation protocols for oxytocin-releasing neurons of the amygdala and the para-
ventricular nucleus were performed with a pulsed laser irradiation of 30 Hz and a pulse duration of
10 ms: a) First paradigm: 12 repetitions of 60 s-stimulation cycle containing two bursts of 1-s stimuli each
followed by a 29-s rest period. b) Second paradigm: 5 repetitions of block stimulations consisting of a 20-s
of laser irradiation and 120-s of rest period.
2.4. MR-EPI-Sequences
Mice: 17 0.6 mm-thick slices and 0.1 mm gaps in-between were recorded, with the gap ensuring
diminished cross-talk between slices. The slices covered a field of view (FOV) of 25× 25 mm2
with a 96× 96 matrix leading to a TR of 1 s and a TE of 16 ms and a resolution of 0.26× 0.26 mm2.
In addition, a high-resolution T2-weighted 3D brain image was acquired for every mouse (parame-
ters of the turbo rare sequence: TR/TEeff = 1200/50 ms, 192 x 225 matrix, FOV of 15 x 17.5 mm2,
96 slices, 0.156 mm slice thickness).
Rats: 29 0.5 mm-thick slices and 0.2 mm gaps in-between were recorded. The slices covered a
FOV of 35× 35 mm2 with a 96× 96 matrix resulting in aTR of 1.7 s, TE of 17.5 ms and a resolu-
tion of 0.36× 0.36 mm2. For every rat, a high-resolution anatomical image was received with a
turbo-rare sequence: RARE factor 16, TR 1.2 s, flip angle 90 °, resolution 0.15× 0.15× 0.3 mm3
leading to a T2-weighted images.
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2.5. Preprocessing
The preprocessing for mice and rats was performed in a similar way. The images were corrected for
B0-field inhomogeneities and then realigned and unwarped. In the next step, motion correction and
correction for physiological noise was conducted. Following, the fMRI images were coregistered
and subsequently normalized to the anatomical images. Afterwards, the images were filtered by
the signal of the cerebrospinal fluid (CSF). The images for the resting-state analysis were then
bandpass-filtered, while the fMRI scans with task-related BOLD signal were smoothed prior to
the statistical analysis (Figure 2.4).
2.5.1. Fieldmap Correction and Realignment
During EPI image acquisition, there are multiple effects that can lead to distortions in the EPI
image. The movement of the subject is corrected by a realignment of the 4D images. The re-
alignment consists of two steps: (1) The registration relative to a reference image (here, the first
image of the EPI series), including the estimation of the transformation parameters, which are the
translation parameters for all three directions in space and the respective three rotation parameters,
(2) Execution of the transformation according to the requirement of the transformation parameters.
Possible shifting of the slices can be necessary due to the transformation requirements. Therefore,
the data have to be interpolated with a second degree b-spline function. This function consists of a
convolution of different polynomials, which have to be (n-1) times continuously differentiable at
the nodes. It is important to mention that the realignment corrects only for the motion artifacts and
for the frequency shift due to the warming of the gradients, but not for different signal intensities
caused by local field changes.
The B0-field inhomogeneities, which are induced by susceptibility changes at material transi-
tions, lead to distortions and displacement of voxels in the images. Therefore, a B0-fieldmap is
recorded as a reference image before EPI acquisition. Following, the distortions and deformation
of the field during the time series are estimated by iterations for each subject, using the motion
parameters obtained by the realignment.
2.5.2. Motion Correction and Physiological Noise
In the following preprocessing steps, the images were corrected, on the one hand for head motion
and, on the other hand for physiological noise induced by respiration and cardiac pulsatility. Mo-
tion correction was done using the FMRIB Software Library (FSL) version 5 taking the obtained
translation and rotation parameters of the realignment step as regression vectors.
23
2. Materials and Methods
fMRI Data
recording
Realign and
Unwarp
Regression
of Movement
Correction
for physio-
logical noise
Coregistration
to 3D & to
Template
Normalization
to Template
CSF-filtering
Bandpassfilter Smoothing
Resting-state
Anaylsis
Activation
Analysis
Fieldmap
correction
Parameters
to Realign
and
Unwarp
Figure 2.4.: Schematic workflow of the preprocessing steps: sequence of all realized preprocessing
steps for BOLD signal investigation and resting-state analysis.
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The physiological signals were recorded by a pulse oximeter with a sampling frequency of
100 Hz. The pulse oximeter was attached to the rodents’ tails or the paw. In both species, a
respiration pad beneath the chest (Small Animal Instruments Inc., NY, USA) was applied to record
respiratory data. The respiratory and cardiac data were filtered using Aztec (van Buuren et al.,
2009), which is a program based on the RETROICOR (Glover, Li, & Ress, 2000) algorithm. The
algorithm computes the correlation between the fMRI signal and the respiratory and/or cardiac
signal and processes the data in the image domain, but not in k-space as RETROKCOR (Hu,
Le, Parrish, & Erhard, 1995) algorithm does. The course of the respiratory and cardiac signals are
assumed to be periodic over all slices of one image during the time series. Hence, the physiological
noise can be mathematically described as a low-order Fourier series (Glover et al., 2000):
y(t) =
M
∑
m=1
acm cos(mφ)+b
c
m sin(mφ)+a
r
m cos(mφ)+b
r
m sin(mφ). (2.1)
Here, M is the maximum order of the Fourier series, the superscripts relate to cardiac (c) and
respiratory (r) data, with the coefficients a and b and the phase φ of the signal.
2.5.3. Slice Time Correction, Coregistration and Normalization
Due to the multi-shot EPI imaging process, it was necessary to adjust for the time difference in
each slice. To ensure that the recorded signal refers to the same time point as the reference slice,
an interpolation of the BOLD signal answer was performed. Here, the slice time correction was
realized taking the middle slice as a reference. The interpolation was conducted in the Fourier
space by adding a constant phase value appropriate to the desired time shift in the sine functions.
Afterwards, the images were coregistered to a high-resolution structural image recorded in the
same session. An algorithm, based on the work of Collignon et al., was used as an interpolation
routine (Collignon et al., 1995). This algorithm is formed on linear translation of the EPI images to
the reference structural image. Following, the brain extracted structural image was coregistered to
a template image in Paxinos space. The same translation conditions were taken for the coregistered
EPI images.
Subsequently, the structural image was normalized to the template image and the displacement
matrix for the best match of the two images was calculated. In this step, brain size differences
between the structural image and the template, as well as distortions were corrected with nonlinear
iteration, which means the voxels may be dilated or constricted. In the writing process, the images
were interpolated with a trilinear function and the intensity of the voxels were preserved in the
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shifted image. In a final step, the displacement matrix of the structural image was applied to the
EPI images normalizing them also to the template image.
2.5.4. CSF-Filtering
A CSF-filtering was used to diminish remaining motion artifacts in the time course of the fMRI
data. For this reason, the time courses of 10−20 CSF voxels were extracted, because the CSF
signal is not affected by BOLD signal changes in the fMRI. The signal was received only for
voxels above a specified threshold to ensure that the signal originates of CSF. The regression was
done with FSL, similar to the aforementioned motion correction (Chapter 2.5.2).
2.5.5. Bandpass-Filtering
As a final preprocessing step for the resting-state and physio-psychological imaging data, the
EPI data were bandpass-filtered (0.01− 0.1 Hz). So, low-range frequencies originating from the
scanner drift caused by heating of the gradients, for instance, were suppressed. The filtering
was performed with Analysis of Functional NeuroImages (AFNI), here, the fMRI time series was
extracted and frequencies within in the bandpass limits were decomposed by means of Fast-Fourier
transformation.
2.5.6. Smoothing for Task-Related fMRI
For investigation of the BOLD signal changes, the EPI data were smoothed in a last step of pre-
processing. Smoothing the EPI data compensates for functional and anatomical differences be-
tween single animals in the group analysis and suppresses noise. Here, the CSF-filtered data were
smoothed with a 0.6 mm full width half maximum (FWHM) Gaussian smoothing kernel for mice.
For rats an 0.8 mm FWHM Gaussian smoothing kernel was used due to the bigger voxel size.
2.6. Analysis
In this thesis, the results are presented overlayed above a structural 3D image. In general, for
BOLD and seed analysis three slits are shown: A coronal and a sagittal slit is shown in the first
row and a transverse slit above, unless otherwise indicated (Figure 2.5).
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Figure 2.5.: General presentation of the data: Top left: sagittal slit. Top right: coronal slit. Bottom left:
transversal slit.
2.6.1. Statistical Analysis of BOLD Signal
SPM software was used to investigate the BOLD signal changes. The analysis was divided into two
steps: The first level-analysis was used to test to which extent a GLM matrix explains the recorded
signal in single animals. Portraying the stimulation, the experimental designs were modeled by
box-car functions for the block design, or a set of delta functions for the burst design. These
functions were convolved with the HRF as a basis function that displays the BOLD signal answer.
Additionally, we analyzed the signal change caused by the burst design by means of finite impulse
response (FIR) as a basis function with the order of nine and a window length of nine TRs. Thereby,
the BOLD signal answer was modeled with nine independent stick functions, reflecting the BOLD
signal in an interval of one TR. Afterwards, the model was estimated using the restricted maximum
likelihood algorithm and tested in a one-sample t-test for defined contrasts.
Subsequently, a second level analysis was performed, using the contrast images of the first
level statistics. Here, a one sample t-test for group statistics of the mouse data was performed,
whereas a two-sampled t-test for the rat data (group with ChR2-expression and the control group)
was conducted. Results were considered as significant for p<.05 FWE corrected on the peak or the
cluster level, except where otherwise specified.
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2.6.2. Resting-State Analysis
To investigate long-term changes due to the optogenetic stimulation of oxytocin-releasing neu-
rons, resting-state measurements before and after the block stimulation paradigm were performed.
Therefore, hemispherically separated brain regions receiving oxytocinergic input were determined
for network analysis (see Table 2.1 (Elands, Beetsma, Barberis, & De Kloet, 1987; Tribollet, Bar-
beris, Jard, Dubois-Dauphin, & Dreifuss, 1988)), using the Schwarz atlas (Schwarz et al., 2006).
Moreover, functional networks influenced by oxytocin-releasing neurons were analyzed inde-
pendently. Therefore, regions of the basal ganglia network, which is associated with motor and
behavioral regulations, were identified. Additionally, regions of olfactory system were combined
into one network due to its huge impact in social recognition and behavior, especially in rodents.
To clarify the influence of the optogenetic stimulation on the brain in a state of rest, regions asso-
ciated with the default mode network were investigated.
For each ROI to ROI pair, the Pearson correlation coefficients were determined for the resting-
state measurements pre and post the optogenetic stimulation. Afterwards, the differences of the
correlation coefficients were statistically tested in a two-sampled t-test for ChR2 rats against the
control group. Based on these results, the graph theory analysis was performed.
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Table 2.1.: Investigated brain regions, which are associated with oxytocin control (Elands et al., 1987; Tri-
bollet et al., 1988); separated in hypothesis-driven networks: basal ganglia, olfactory and default mode
networks.
Brain Region Abbreviation Belonging to network
Retrosplenial Cortex RS Default Mode Network
Substantia Nigra SN Basal Ganglia Network
Ventralmedial Hypothalamus VmHyp
Hypothalamus Hyp
Dorsomedial Hypothalamus DMHyp
Medial Preoptic Area MPO
Lateral Preoptic Area LPO
Olfactory Tubercle Tu
Basal Ganglia Network
Olfactoric Network
Medialventral Orbital Cortex MVO
Olfactoric Network
Default Mode Network
Cornu Ammonis 1 of Dorsal Hippocampus CA1HC Default Mode Network
Dentate Gyrus of Hippocampus DGHC Default Mode Network
Cornu Ammonis 3 of Hippocampus CA3HC Default Mode Network
Subiculum Hippocampus SHC Default Mode Network
Ventral Tegmental Area VTA Basal Ganglia Network
Piriform Cortex Pir Olfactoric Network
Dorsolateral Striatum DLStria Basal Ganglia Network
Glomerular Layer GL Olfactoric Network
Lateral Septal Nucleus LS
Ventromedial Striatum VMstria Basal Ganglia Network
Granular Cell Layer GCL Olfactoric Network
Basal Amygdala BasA
Medial Amygdala MedA
Central Amygdaloid Nucleus CeA
Insular Cortex I
Bed Nucleus Stria Terminalis BNST
Parietal Cortex PtA
Anterior Olfactory Nucleus AON Olfactoric Network
Entorhinal Cortex Lateral EntL Olfactoric Network
Dorsal Peduncular Cortex DP
Cingulate Cortex Cg Default Mode Network
Frontal Association Cortex FrA
Temporal Association Cortex TeA
Nucleus of Horizontal Limb of Diagonal Band HDB
Prelimbic/Infralimbic Cortex mPFC Default Mode Network
Caudate Putamen CPu Basal Ganglia Network
Globus Pallidus Lateral LGP Basal Ganglia Network
Thalamus/Paraventricular Thalamic nucleus Th
Dorsomedial Thalamus MDTh
Ventral Pallidum VP Basal Ganglia Network
Habenula Hb Basal Ganglia Network
Visual Cortex V
Interior Colliculus IC
Superior Colliculus SC
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The hippocampus is a subcortical brain region, located centrally in the subcortical area more precisely in the temporal
lobe of the telencephalon. It is known to play a fundamental role in emotional and cognitive processes. Moreover, the
HC is associated with working memory as well as orientation: Hence, the HC is one of the most pronounced brain re-
gions in humans as well as in rodents. Furthermore, the HC is linked to neuropsychiatric disorders (e.g. schizophrenia,
autism, Alzheimer’s disease). Additionally, several studies show comparable findings in human and rodent HC data.
Because of these analogies, the HC of rodents is an amiable system for translational studies. The HC, as every other
brain region, consists of assorted types of neurons, which respond to different neurotransmitters, e.g. glutamate. How-
ever, with fMRI it is impossible to distinguish between these different types of neurons. To overcome these limitations,
fMRI and optogenetics can be combined to stimulate specific neurons and to record the BOLD answer caused by the
stimulation. Moreover, projections and connectivities of stimulated neurons to different brain regions can be studied.
The following section describes general observations in opto-fMRI in relation to the laser stimulation in the mouse
HC. First, in preliminary tests I will explain the differences in the HRF for the mouse and human HC. Additionally,
unspecific effects due to the laser irradiation of the optogenetic stimulation will be discussed. Subsequently, taking the
results of the preliminary tests into account, I will present in Chapter 3.2 the study of Optogenetic fMRI in the mouse
hippocampus: Hemodynamic response to brief glutamatergic stimuli (Lebhardt, Clemm von Hohenberg, Weber-Fahr,
Kelsch, & Sartorius, 2016).
3.1. Preliminary Tests
The firing process of a neuron is initiated by a brief compensation of the potential difference between intra- and extra-
cellular matter. This leads to a momentary current, the so-called spiking. To simulate this natural behavior of neurons,
short stimulation pulses are used in electrophysiology. Due to the fact that optogenetics is based on a direct neuronal
stimulation in the brain as well, the optogenetic stimulation paradigm was set to short laser pulses with a repetition
frequency of 40 Hz and a pulse duration of 5 ms. First, the HRF of the mouse HC was studied with the burst stimulation
protocol (Figure 2.2 a) and subsequently, unspecific effects by the laser stimulation were investigated, using a block
stimulation paradigm (Figure 2.2 b).
3.1.1. Adjusted Hemodynamic Response Function for Mouse Model
Figure 3.1 illustrates the same data set of a single mouse that has been analyzed with the HRF for humans (Figure
3.1 a) or with a HRF modified for mice (Figure 3.1 b). The human HRF showing a maximum at about 6 s (Figure
3.1 a) bottom), whereas in the modified HRF a maximum is reached after 2-3 s (Figure 3.1 b) bottom). To determine
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the mouse HRF a FIR analysis was performed with a window length of nine TRs and order of nine (Section 2.6.1).
For a moderate significance level of p< .001 uncorrected with a minimum of ten connected voxels, two clusters with
positive BOLD signal change were recorded for the standard human HRF, the first located medial in the fornix and
lateral septum, the second in the ipsilateral HC regions. The analysis performed with the modified HRF reveals highly
significant positive BOLD signal changes in the ipsi- and contralateral HC (p<0.05 FWE-corrected). For both analyses,
no clusters for negative BOLD signal change were recorded.
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Figure 3.1.: Change of BOLD signal induced by optogenetic stimulation in a single mouse analyzed
with different hemodynamic response function (HRF): a) Above: BOLD signal increase analyzed with
the canonical HRF; Below: time course of the canonical HRF provided by SPM; b) Above: BOLD signal
increase analyzed with modified HRF; Below: time course of the modeled mouse HRF based on the results
of FIR analysis (p<.001, minimum cluster size k=10 voxels).
3.1.2. Unspecific Effects due to Laser Irradiation
In a second preliminary test experiment, four sham mice (SMs) without AAV injection, i. e. without implemented
ChR2 in the cell membrane, were investigated. The crucial question in this experiment was how the irradiation of laser
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power would impact the BOLD response in SM. For this experiment, two different laser powers (1 mW and 2 mW)
were chosen and the block stimulation paradigm of 12 laser of 30 s laser irradiation within an interval of 60 s (Figure
2.2 b), the pulse frequency and pulse duration were kept at 40 Hz and 5 ms, such as in the burst stimulation paradigm.
As illustrated in Figure 3.2 a), for a laser power of 1 mW no significant negative BOLD signal changes were found
(p < .001 and a minimum cluster size of 10), however three out of the four investigated mice (SM1 (red), SM3 (yellow)
and SM4 (green)) displayed positive BOLD signal changes in different regions of the HC (Figure 3.2 c), which were
partly located close to the fiber tip. For an increased irradiation power of 2 mW, negative BOLD signal changes were
obtained for two mice (SM2 and SM4) (Figure 3.2 b). The cluster in the first mouse (SM4) was located in the ipsilateral
frontal lobe (green), the second mouse showed a bilateral negative BOLD response in the thalamus (turquoise). Figure
3.2 d) displays the signal increase for three mice (SM1, SM3 and SM4) at the same irradiation power. SM1 (red) and
SM3 (yellow) showed an overlapping cluster bilateral in the thalamus, whereas a signal increase was obtained medial
in the olfactory bulbs for SM4 (green).
3.1.3. Interim Conclusion of the Preliminary Results
In these two preliminary experiments fundamental conclusions were drawn. A first key finding was the importance
of the characterization of the HRF. Thereby, a HRF with a maximum after 2 s and the return to baseline after 6-7 s
was received. Such differences in the characteristics of the HRF have not only been reported between species, but
also between brain regions (Handwerker, Ollinger, & D’Esposito, 2004). It is quite plausible to obtain a faster HRF in
rodents, due to the facts of a faster metabolism in mice and that the HRF is dependent on the cardiovascular system,
which is considerably smaller in rodents compared to humans. The results emphasize how disregarding of the nature of
the HRF can lead to a misinterpretation of given results.
The second finding is the impact of the laser irradiation in sham animals without ChR2 injections. The laser
irradiation induces a temperature increase in the surroundings of the implanted fiber optics. This temperature shift
influences the recorded signal in the fMRI image, which is, of course, correlated to the onset of the laser stimulation.
This finding is corroborated by the comparison of the heating effect under block stimulation (Figure 3.2) and the burst
design (shown in Section 3.2.3, Figure 3.5). Here, it was demonstrated that the longer the laser irradiation over time,
the bigger the heating effect grows in the surroundings of the irradiated area. This can lead to misinterpretation of
the measured signal, especially in the surroundings of the fiber tip. The signal change is caused by a shift in the
radiofrequency of the hydrogen nucleus, which also leads to a phase shift. In combination, these two effects result in a
voxel displacement and signal change.
However, this displacement only occurs above a determined irradiation power and depends on the chosen stim-
ulation paradigm. These results are based only on a small number of investigated animals (N=4), nevertheless the
observed effect size indicates the scale and impact of this heating artifact.
Based on these findings, we studied the hemodynamic response of ten CamKII-Cre mice to brief glutamatergic
stimuli induced by optogenetic stimulation of the left mouse hippocampus published in the Journal of Cerebral Blood
Flow and Metabolism, which is presented in the following Section 3.2 (Lebhardt et al., 2016).
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Figure 3.2.: Change of BOLD signal under block stimulation as a function of the laser power in four
wild-type mice without virus injection (sham mouse 1 (SM1), SM2, SM3, SM4). For each mouse a different
color scale is used (p < .05 FWE-corrected). a) No BOLD signal decrease for 1 mW and b) BOLD signal
decrease in SM2 and SM4 for 2 mW stimulation laser power. c) BOLD signal increase in SM1, SM3 and
SM4 for 1 mW and d) BOLD signal increase in SM1, SM3 and SM4 for 2 mW stimulation laser power.
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Optogenetic fMRI in the mouse hippocampus: Hemodynamic
response to brief glutamatergic stimuli1
Abstract
The combination of optogenetics with functional magnetic resonance imaging is a promising tool
to study the causal relationship between specific neuronal populations and global brain activity.
We employed this technique to study the brain response to recruitment of glutamatergic neurons
in the mouse hippocampus.
The light-sensitive protein channelrhodopsin-2 was expressed in α-CamKII-positive gluta-
matergic neurons in the left hippocampus (N = 10). Functional magnetic resonance imaging was
performed during local laser stimulation, with stimulus duration of 1 second. The hemodynamic
response to these stimuli was analyzed on a whole-brain level. In a secondary analysis, we ex-
amined the impact of the stimulation locus on the dorso-ventral axis within the hippocampal for-
mation. The hemodynamic response in the mouse hippocampus had an earlier peak and a shorter
duration compared to those observed in humans. Photostimulation was associated with signifi-
cantly increased blood oxygen level dependent (BOLD) signal in group statistics: bilaterally in
the hippocampus, frontal lobe and septum, ipsilaterally in the nucleus accumbens and contralater-
ally in the striatum. More dorsal position of the laser fiber was associated with a stronger activation
in projection regions (insular cortex and striatum). The characterization of brain-region-specific
hemodynamic response functions may enable more precise interpretation of future functional mag-
netic resonance imaging experiments.
Keywords: Functional magnetic resonance imaging, optogenetics, hemodynamics, hippocam-
pus, glutamate
1Philipp Lebhardt*, P., Clemm v. Hohenberg*,C., Weber-Fahr, W., Kelsch#, W., Sartorius#, A.
(2015), Optogenetic fMRI in the mouse hippocampus: Hemodynamic response to brief glu-
tamatergic stimuli. Journal of Cerebral Blood Flow and Metabolism (2015) 36(3):629-38.
doi:10.1177/0271678X15606455
*share first authorship
#share last authorship
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3.2.1. Introduction
The hippocampus (HC) appears to play a fundamental role for large-scale synchronization of brain
activity, with hippocampal theta oscillations as a key mechanism (Lisman & Buzsáki, 2008; Sirota
et al., 2008).
Altered connectivity between brain regions, in turn, is hypothesized to be a pathophysiologi-
cal hallmark of neuropsychiatric disorders, in particular schizophrenia (Stephan, Friston, & Frith,
2009) and autism (Geschwind & Levitt, 2007; Melillo & Leisman, 2009).
Accordingly, exploring the functional connectivity of the HC is likely of paramount importance
for understanding these disorders.
In this study, we probed whether we can use a opto-fMRI to study activation of remote brain
regions through optogenetics in the scanner and examined the underlying hemodynamic response.
Towards this aim, we used recently developed tools for selective excitation of neurons through
viral expression of light-activatable opsins (channelrhodopsin-2 (ChR2)) (Boyden et al., 2005);
a technique that can be also applied while imaging rodents in MRI (Lee et al., 2010). Opto-
fMRI provides a promising tool to bridge the gap between cellular and systems neuroscience.
This is because optogenetics, on the one hand, allows for neuronal stimulation with high cellular
specificity and high temporal resolution. FMRI, on the other hand, can detect responses in all
areas of the brain and is translatable to human studies and task-based fMRI (Wentz, Oettl, &
Kelsch, 2013).
In the first opto-fMRI study, Deisseroth and colleagues (Lee et al., 2010) could show that
light-driven activation of neurons in the primary motor cortex in rats increased the blood oxygen
level-dependent (BOLD) signal either by perisomatic or axonal stimulation. Subsequently, two
opto-fMRI studies examined the HC (Lee et al., 2010; Weitz et al., 2015). Abe and colleagues
targeted the dentate gyrus (DG) in rats (N = 3) with BOLD increases in the ipsilateral DG around
the site of stimulation, in a caudal region of the ipsilateral DG, in the cornu ammonis (CA) and
caudate-putamen; yet statistical thresholds were chosen very liberally (p < .01, uncorrected), and
group statistics were not performed (Abe et al., 2012). A second study in rats compared stim-
ulation of the dorsal versus intermediate HC with a range of different laser frequencies (Weitz
et al., 2015). While optogenetic stimulation of the dorsal HC resulted predominantly in activa-
tion at the site of stimulation, excitation of the intermediate HC recruited widespread cortical
networks. Higher frequencies tended to yield a more widespread and prolonged BOLD activation.
Few other opto-fMRI studies exist in mice (Desai et al., 2011; Kahn et al., 2011, 2013), rats (Li,
van Zijl, Thakor, & Pelled, 2014; Iordanova, Vazquez, Poplawsky, Fukuda, & Kim, 2015) and
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primates (Gerits et al., 2012; Ohayon, Grimaldi, Schweers, & Tsao, 2013). Of note, Kahn and
colleagues (Kahn et al., 2011, 2013) provided evidence that the BOLD signal correlates closely
with neuronal action potential activity (rather than with local field potential (LFP)), and that the
relationship between BOLD signal and spiking activity is approximately linear. However, another
study (Iordanova et al., 2015) found that upon optogenetic or sensory stimulation, BOLD response
correlated better with LFP than with action potentials (multi-unit activity). This study also found
that the kinetics of the hemodynamic response were similar between sensory and optogenetic stim-
ulation. Optical intrinsic signal imaging revealed that the relationship between hemodynamics and
electrophysiological data is strongly dependent on the duration of the stimulus and that no single
hemodynamic response function (HRF) can describe this relationship for all stimulus durations (Ji
et al., 2012).
There is also evidence from a recent opto-fMRI study in rats that there can be a mismatch
between the BOLD signal and the underlying neural activity: The BOLD signal was spatially more
extended and had its maximum in a different cortical layer (layers II/III vs. IV) when compared
to the electrophysiological recording (Li et al., 2014).
In the present study, we used opto-fMRI to study the connectivity of the hippocampal for-
mation in mice (N = 10). We used transgenic animals expressing Cre recombinase under the
α-Ca2+-calmodulin-dependent protein kinase II (α-CamKII) promoter to achieve specificity for
glutamatergic neurons. The injected adenoviral construct contained the gene coding for the light-
sensitive channel (ChR2) in a reverse orientation so that only following recombination via Cre
recombinase (expressed specifically in glutamatergic neurons), ChR2 was expressed.
Previous work has shown that even in the absence of channelrhodopsin, laser administration
can cause BOLD signal changes (both negative and positive), and that this effect is most likely due
to heating-induced T1 and T
∗
2 relaxation changes (Christie et al., 2013). Therefore, as a control
investigation, we studied potential ChR2-independent laser effects on the BOLD signal in wild-
type mice, at varying laser powers.
We hypothesized that optogenetic stimulation of the HC would lead to regional BOLD activa-
tion within the hippocampal formation, and more distal activation, including cortical, especially
prefrontal, areas. Since we used a relatively short stimulus (1 s), our design allowed us to study the
HRF in mouse HC. The HRF can be described as the temporal pattern of vascular and blood oxy-
genation changes (reflected by the BOLD signal) in response to a brief period of neuronal activity.
Knowledge about the HRF is crucial for interpretation of fMRI findings. Opto-fMRI provides an
exciting opportunity for investigating the HRF, because optogenetic stimulation (as opposed to
sensory or electrical stimulation) leads to selective activation of ChR+ glutamatergic neurons.
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Surprisingly, little is known about the HRF in nonhuman species like mice, because most
studies investigating the vascular or BOLD response to sensory (Schroeter, Schlegel, Seuwen,
Grandjean, & Rudin, 2014; Dalkara, Irikura, Huang, Panahian, & Moskowitz, 1995; Woolsey
et al., 1996; Bosshard et al., 2010) or optogenetic (Lee et al., 2010; Weitz et al., 2015; Abe et
al., 2012; Desai et al., 2011; Kahn et al., 2013; Li et al., 2014) stimulation have used stimuli
longer than 10 s, which is long compared to the hemodynamic response and therefore provides
only limited information about the HRF.
3.2.2. Methods
Animals
We used heterozygous transgenic male mice (α-CamKII-Cre) expressing Cre recombinase driven
by the α-Ca2+-calmodulin-dependent protein kinase II (α-CamKII) promoter (TgCre4) (Manta-
madiotis et al., 2002). The genetic background was C57BL/6NCrl (Charles River, Wilmington,
MA). For control experiments, C57BL/6NCrl wild-type mice were used. 2-3 mice were housed
per cage and were kept in a standard 12 h light/dark cycle and given food and water ad libitum. All
procedures were conducted according to the regulations covering animal experimentation within
the European Union (European Communities Council Directive 86/609/EEC) and within the Ger-
man Animal Welfare Act. The study is reported with the Animals Research: Reporting in Vivo
Experiments (ARRIVE) guidelines for research involving animals (Kilkenny, Browne, Cuthill,
Emerson, & Altman, 2010). Experiments were approved by the German animal welfare authori-
ties (Regierungspräsidium Karlsruhe).
To generate cell-type-specific expression of ChR2, we injected a Cre-inducible recombinant
AAV vector (rAAV1/2 -FLEX -ChR2(H134R):YFP) (Cardin et al., 2009) into heterozygous α-
CamKII-Cre mice. Cre-dependent recombinant AAV vectors were produced with AAV1/2 coat
proteins and purified with heparin columns to a final viral concentration of approx. 1016 genome
copies/ml (Wieland et al., 2014). Mice aged > 8 weeks were anesthetized with isoflurane. 0.25 µl
of purified virus was injected into the left dorsal HC (from bregma: posterior 2.2 mm, lateral
1.5 mm; ventral 1.5 mm from brain surface). In the same surgery session, a mono fiber-optic
cannula (Doric Lenses, Québec, Canada) was implanted stereotaxically in the left HC and fixed
with dental cement for laser stimulation. The implanted fiber cannula had a fiber core diameter of
300 µm and a numerical aperture of 0.37. Mice recovered for at least 21 days before scanning.
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Expression Analysis
Several days after scanning, mice were given an overdose of isoflurane and perfused transcardially
with phosphate buffered saline at 37 °C followed by perfusion with 4 % PFA and post-fixed in
4 % PFA for 12 h at 4 °C. Sections were stained with a fluorescence Nissl staining kit (Invitrogen).
Sections were mounted with Fluoromount (Sigma) and analyzed using a Neurolucida System (Mi-
crobrightfield) attached to an epifluorescence microscope (Zeiss Imager, 20 x objective). Some of
the mice had died after the scanning session and before histology could be performed. Cause of
death remained unknown for these animals but since there were several days between scanning
and death, it was plausibly unrelated to anesthesia/scanning and did not affect the measurements.
Among the five animals from which we obtained expression patterns of ChR2:YFP after scanning,
all displayed a similar expression both in the more medial aspects of the CA and throughout the
DG as shown in Figure 3.3.
We compared the activation patterns between the animals that could be analyzed histologically
and the animals that died before histological analysis could be performed. As can be seen in
supplementary Figure A.1, the activation patterns were similar between the two groups. A two-
sample t-test between the groups yielded no significant voxels at p < .001, minimum cluster size
k > 10.
Figure 3.3.: The light-activated protein channelrhodopsin-2 (ChR2) fused to YFP was selectively ex-
pressed in α-CamKII-Cre+ neurons in the left hippocampus through unilateral infection with a Cre-
dependent AAV (rAAV1/2-FLEX-ChR2(H134R):YFP). Left: The image displays ipsilateral expression of
ChR2:YFP in neurons of the cornu ammonis and dentate gyrus and contralateral axonal projections. Right:
Ipsilaterally, a neuronal Nissl counterstain (red) visualizes the granule cell layer of the dentate gyrus and
ChR2:YFP (green) expression co-localized in somata in the dentate gyrus, while on the contralateral site
ChR2:YFP was confined to fibers.
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Laser
Transistor-transistor logic (TTL) pulse driven laser pulses were delivered from 300 µm multimode
optical fibers (Doric Lenses, Québec, Canada) coupled to a 25 mW, 473 nm, diode-pumped, solid-
state laser (Shanghai Laser & Optics Century, Shanghai, China). The laser power was measured
with a power meter (Thorlabs, Newton, New Jersey, USA) in a condition in which the laser light
was continuously on. For photostimulation during scanning, laser pulses were controlled via
10 kHz TTL modulation from a Master-8 (A.M.P.I., Jerusalem, Israel), that in turn was initially
triggered by the first scanner pulse of each echo planar imaging (EPI) sequence.
During the measurements, 5 ms light pulses were delivered at 40 Hz for 1 s. This was done
three times within 30 s, followed by 30 s without stimulation (see Figure 3.4).
To investigate heating effects, four mice without virus injection were measured each with
varying laser powers (Paverage). The time-averaged laser power was increased between the mea-
surements in three steps: 1 mW, 2 mW and 3 mW. These mean power values were calculated by
averaging the power delivered during the one second stimulation interval. In the main part of the
study, we set the laser power to Paverage=3 mW.
x12
Laser on
Laser off
12 min
1 s
9 s 30 s 
Laser on
Laser off
1 s
9 s
1 s
9 s
Laser on
Laser off
Figure 3.4.: Laser stimulation paradigm: 12 burst stimulation sequences, each consisting of three 1-s
stimuli with an 9 s interstimulus interval followed by a 30-s rest period. Pulse duration was 5 ms and repetition
frequency 40 Hz.
Scanner
A 94/20 Bruker Biospec MRI scanner (9.4 T; Bruker Ettlingen, Germany) with Avance III hard-
ware, BGA12S gradient system with the maximum strength of 705 mT/m and running Paravision
5.1 software was used for all experiments.
Transmission and reception were attained using a linear whole-body volume transmitter coil
combined with an anatomically shaped surface receive mouse brain coil (with a hole for the optical
fiber).
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Scanning Procedures
Mean weight at the time of scanning was 25±1 g (range: 24-26 g). To investigate possible heating
effects due to the laser power, animals without prior virus injection were scanned in a control
experiment (N = 4). In the main study, we investigated 10 α-CamKII:Cre+ mice with hippocampal
ChR2-YFP expression.
For preparations, the mice were initially anesthetized with 4 % isoflurane (Baxter Deutschland
GmbH, Unterschleissheim, Germany) in a mixture of N2 (70 %) and O2 (30 %). The anesthesia
was reduced to 1˜.5 % isoflurane for positioning in the scanner (head first, prone) and adjustments.
During the acquisition of anatomical high resolution T2 weighted images, a bolus of 0.4 mg/kg
medetomidine (Domitor®, Janssen-Cilag, Neuss; 0.07 mg/kg) was applied and the isoflurane step-
wise decreased. Ten minutes after the bolus, a continuous dose of 0.8 mg/kg/h medetomidine was
started and continued throughout the fMRI experiments, which were started 30 min after bolus
injection.
To reverse the sedative effect and compensate for the fluid loss during the experiments, Ati-
pamezol (Antisedan®, Janssen-Cilag, Neuss; 1 mg/kg) and 0.3 ml of saline were injected subcu-
taneously after the final experiment.
During all measurements the animal body temperature was measured with a rectal probe and
kept at 36 °C using warm water circulation pads. Breathing and cardiac rates were monitored using
a respiration pad placed beneath the chest (Small Animal Instruments Inc., NY, USA) and a pulse
oximeter attached to the tail. Signals were recorded (10 ms resolution) using a signal breakout
module (Small Animal Instruments Inc., NY, US).
fMRI Acquisitions
In addition to standard localizer images, high resolution T2-weighted 3D brain images were ac-
quired (TR/TEeff = 1200/50 ms, 192 x 225 matrix, FOV of 15 x 17.5 mm2, 96 slices, 0.156 mm
slice thickness) to achieve a robust normalization of the functional data to a digitized mouse brain
atlas (Dorr, Lerch, Spring, Kabani, & Henkelman, 2008).
Functional data were acquired using a T∗2-weighted EPI sequence with 720 volumes over
12 min with the following parameters: 17 slices (0.6 mm thickness, 0.1 mm gap), 96 x 96 matrix,
FOV of 25 x 25 mm2, TR/TE = 1 s/16 ms. In addition, a B0-fieldmap (TR 20 ms, TE (dual echo)
1.7/5.7 ms, flip angle 20 °, 64 x 64 x 64 matrix) was recorded before every EPI sequence to correct
for geometrical distortions.
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Image Data Processing
All data was processed using FMRIB Software Library (FSL, version 4.1)2, SPM83 as well as our
own Matlab4 scripts. Three-dimensional anatomical T2-weighted images were brain-extracted.
The functional images were corrected for geometrical distortions using the acquired B0-maps,
realigned and coregistered to the brain-extracted T2-weighted anatomical images. Subsequently,
a correction for physical noise was conducted using the Aztec (van Buuren et al., 2009) software
availing the RETROICOR (Glover et al., 2000) method with the physiological data sampled during
the measurements. Functional data were slice time corrected and normalized to a Paxinos space
digital atlas using the normalization parameters of the 3D-structural images (Dorr et al., 2008). In
the last preprocessing step, the normalized data were smoothed with a 0.6 mm isotropic Gaussian
kernel.
To investigate the accurate HRF, the statistical analysis of the stimulation was first done with a
finite impulse response (FIR) basis function (9 s length, order 9). The results of this analysis were
used to adjust the canonical HRF basis function for the subsequent general linear model analysis.
Movement parameters were used as covariates in all first-level statistics. For group statistics, first-
level beta images of each subject were then analyzed in second-level designs (one-sample t-tests
and ANOVA). Statistical threshold was set to p < .05 (FWE-corrected) for first level statistics, and
p < .001 (uncorrected), voxel size > 10 voxels for group statistics.
For display purposes (see Figure 3.2.4g), the average time course over all “activated” voxels
was extracted for each animal and then averaged over all mice, using the significant voxels from
the group statistics as a mask.
Histological analyses showed a rather widespread ChR2 expression (Figure 3.3). Also, the
position of the laser fiber in the dorso-ventral axis varied considerably between animals. We there-
fore performed multiple regression analyses of first level beta images of each subject to study the
effect of the fiber position within the hippocampal formation. Therefore, in a secondary analysis,
we used the tissue penetration depth of the fiber tip, measured from the dorsal brain surface in
the normalized images, as a covariate. We performed the analysis using an inclusive mask of the
frontal lobe to test our hypothesis of the frontal response to hippocampal activation. Secondly, the
analysis was done without mask to investigate whole-brain effects.
2(http://www.fmrib.ox.ac.uk/fsl)
3(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/)
4(http://www.mathworks.com/products/matlab/)
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3.2.3. Results
Control Experiment
The experiment with wild-type animals without virus injection showed no laser heating effects
in the proximity of the fiber tip for all investigated laser powers (p < .05 FWE-corrected). At a
laser power of Paverage = 1 mW (Figure 3.5a), we observed an activation in the superior colliculus
in one mouse; two other animals showed single dispersed activated voxels. One animal showed a
deactivation in the frontal lobe (Figure 3.5b). No BOLD signal change was found in sham animals
for the higher (2 mW (Figure 3.5c) and 3 mW (Figure 3.5d)) laser powers.
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Figure 3.5.: BOLD signal change as a function of laser power in four wild-type mice (sham mouse 1
(SM1), SM2, SM3, SM4) without virus injection. For each mouse a different color scale is used (p < .05 FWE-
corrected). a) Activation and b) deactivation for 1 mW stimulation laser power. c) No BOLD signal change
for 2 mW and d) for 3 mW.
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BOLD Response to Laser Stimulation in ChR2 Animals
The HRF following the 1 s burst stimulation was assessed first in single animals using an FIR basis
function as described in the methods section 3.2.2 with nine estimators each 1 s long covering
the time after the burst. The beta images for each regressor were further analyzed in a second
level ANOVA group statistic (N = 10). Compared to the canonical HRF in humans, the results
demonstrate a much shorter response function with a maximum at 2 s after the stimulus onset and
return to baseline at 6 s (Humans: maximum at 6 s and undershoot at 16 s, Figure 3.2.4h).
For further analysis, we therefore used an adjusted canonical HRF with peak amplitude at 2 s
as a basis function.
The individual animals all showed a strong BOLD response in the ipsi- and contralateral HC,
while they differed in other regions across the animals (Figure 3.2.4a and b).
As shown in Figure 3.2.4c-f, there were four significant clusters at the group level. The range
of the first cluster extends in the medial ipsi- and contralateral HC with the maximum of the
activation in the contralateral HC. The second is positioned ipsilaterally in the lateral hippocampal
regions and ranges to pre-para subiculum and corpus callosum. The smaller clusters are located
anteriorly in the ipsilateral frontal lobe and nucleus accumbens and medially in the contralateral
frontal lobe, lateral septum and striatum. Time courses of each mouse were extracted from all
clusters significant in the group statistics. The mean of these time courses over all animals is
shown in Figure 3.2.4g illustrating the immediate BOLD signal increase occurring with every
stimulation onset.
The mean dorsal position of the fiber tip was located -1.47±0.31 mm (mean ± SD) from
dorsal brain surface (N = 10). For three mice the fiber tip was located in the CA1 and for three
other animals in the DG; in the remaining four mice, it was located between the CA1 region
and the upper boarder of DG. In the regression analysis using a frontal lobe mask, (Dorr et al.,
2008) a cluster in the contralateral insula was seen (p < .01, k = 10, peak voxel pFWE < .05; Figure
3.2.4j), such that a more dorsal fiber position (stimulating a larger portion of the CA1 region) was
associated with stronger BOLD response in this region.
In the whole-brain analysis (i.e. without a-priori mask), we detected a negative correlation
between the fiber depth and the BOLD signal change in a cluster in the ipsilateral striatum (and in-
cluding smaller parts of the corpus callosum and parietal lobe) (p < .001, pFWEclust < .005; Figure
3.2.4i).
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3.2.4. Discussion
We report about the first opto-fMRI study applying hippocampal stimulation in mice. In response
to laser stimulation in the left HC, a robust hippocampal BOLD activation was observed. Activa-
tion in other areas was more heterogeneous but some regions (frontal lobe, septum, striatum) were
significantly activated in the group analysis.
As a first important result, we noted that the HRF in the mouse HC had a peak around 2 s post
stimulation onset, and returned to baseline after around 6 s. This corresponds to the hemodynamic
response observed after optogenetic stimulation in the mouse somatosensory cortex (Kahn et al.,
2011), and is also similar to the BOLD response to a series of short (0.3 ms) electrical forepaw
stimulati in rats (Hirano, Stefanovic, & Silva, 2011), but much shorter than the response to optoge-
netic stimulation in the rat somatosensory cortex, although the stimulus duration was also longer
in that experiment (Iordanova et al., 2015). Interestingly, the timing of the BOLD response seen
in this and our own work is in accordance with a more foundational study of vascular diameter
changes in response to sensory stimuli (Drew, Shih, & Kleinfeld, 2011): arteriole diameter in-
creased with a peak at around 2-3 s after stimulation onset, and the response lasted around 5-6 s in
total.
When comparing these different studies, it is important to note the respective type of anes-
thetic used, since they can have vasodilatory (isoflurane, used by Kahn et al. (Kahn et al., 2011))
and vasoconstrictive (medetomidine, used in our study) effects. Indeed, a recent study found the
anesthetic urethane to significantly decrease the arterial response to vibrissae stimulation (Drew et
al., 2011). In light of these differences, it is noteworthy that the hemodynamics observed in our
experiments is so similar to the data by Kahn et al. (Kahn et al., 2011). It must be noted as a
limitation of our study that we could not directly assess the effect of medetomidine anesthesia on
BOLD dynamics.
Overall, our findings are in agreement with previous evidence that the HRF varies between
species (with the BOLD response in humans peaking at around 4-5 seconds and lasting around
10-16 s (Dale & Buckner, 1997; Henson & Friston, 2011; Rosen, Buckner, & Dale, 1998; Puckett,
Mathis, & DeYoe, 2014), but much faster and shorter responses in rats (Hirano et al., 2011) and
mice (Kahn et al., 2011)). It is plausible to speculate that the shorter duration of the HRF is due to
the smaller cardiovascular system in mice including a much higher heart rate compared to humans.
Further, while it has been suggested that the HRF may vary between brain regions, (Rosen
et al., 1998) our data suggest that the HRF is approximately similar in mouse HC (our data) and
somatosensory cortex (Kahn et al., 2011).
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Figure 3.6.: BOLD responses to optogenetic laser stimulation: a) First-level statistics for single mice
(M 1 - M 5). All significant voxels are shown (p < .05, FWE-corrected), color-coded according to t value. For
each mouse, a different color scale is used. b) First-level statistics for single mice (M 6 - M 10); otherwise,
same display method as in a). c-f) Significant BOLD signal change as evidenced by group statistics (N = 10).
Here, statistical threshold was set to p < .001, minimum cluster size k = 10 voxels. Coordinates of peak
voxel (anterior-right-ventral, in mm): c) -2.6, 1.1, 1.5; d) -4.2, -1.8, 2.1; e) 0.7, -2.8, 4.2; f) 1.5, 1.6, 2.7. g)
BOLD signal time course averaged over all animals masked by the significant voxels from the group statis-
tics. h) BOLD response to a single burst stimulation averaged over all onsets and activated voxels in the
ipsilateral hippocampus by finite impulse response (FIR) analysis, which corresponds to the hemodynamic
response function. i) Negative correlation of fiber depth and BOLD signal change for whole brain (p < .001,
pFWEclust < .005). j) Negative correlation between fiber depth and BOLD signal change masked with pre-
frontal lobe (peak voxel significant at p < .05 FWE-corrected). For display the threshold was set to a lower
threshold (p < .01).
Anatomically, besides the local BOLD response within the HC, projection regions of HC
showed activation during stimulation (striatum, frontal cortex, septum and nucleus accumbens).
Single animal statistics indicated relatively constant activation in the ipsilateral HC, but high vari-
ability for more distant regions (Figure 3.2.4a and b). A reasonable explanation could be a slight
variation in the locus of stimulation, especially since the HC is a highly complex structure with
several small subdivisions (see below).
In order to further investigate the effect of the locus of stimulation, we performed a regression
analysis using the position of the fiber tip in the dorso-ventral axis as the covariate of interest.
We found that more dorsal stimulation (corresponding to stimulation in the CA1) was associated
with stronger BOLD activation in the striatum, parietal lobe, insula and corpus callosum. This is
biologically plausible since the CA1 provides the main hippocampal output to other brain regions.
An alternative explanation would be that the more dorsal the fiber tip, the more hippocampal
neurons are stimulated (since the light propagates through the tissue in a ventral direction), and
therefore dorsal illumination causes a more widespread BOLD response.
Our results show reasonable anatomical correspondence to the existing opto-fMRI literature
in some respects: both previous studies stimulating the HC (Weitz et al., 2015; Abe et al., 2012)
- which were, however, performed in rats - reported BOLD activation in the ipsilateral HC as the
most prominent finding. As in our study, this was not restricted to the region directly around the
site of stimulation, but extended to other hippocampal areas. In our study, specifically, BOLD acti-
vation extended posteriorly to the subiculum and laterally to the CA3 on the group level. Keeping
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in mind the organization of the HC (flow of information: entorhinal cortex - DG - CA3 - CA1
- subiculum - entorhinal cortex) (Amaral & Witter, 1989), it is plausible that excitation in one
hippocampal region should lead to activation in the downstream areas.
Secondly, we also found a contralateral hippocampal BOLD signal. Abe et al. (Abe et al.,
2012) found contralateral activation in the HC in one out of three mice, and in a recent study by
Weitz and colleagues (Weitz et al., 2015), contralateral BOLD change was dependent on the site
of stimulation. The commissure of fornix (also called the hippocampal commissure) may be the
anatomical basis of this contralateral activation.
Frontal activation was seen bilaterally, which may reflect the importance of the hippocampal-
prefrontal network, which has been well described in rodents (Schwarz et al., 2013) and has many
times been linked to psychiatric disorders both in humans (Meyer-Lindenberg et al., 2005; Zhou
et al., 2008; Goveas et al., 2011) and in animal models (Sigurdsson, Stark, Karayiorgou, Gogos,
& Gordon, 2010).
There is some anatomical plausibility also for the BOLD signal increases in the septum and
the nucleus accumbens: both regions receive direct projections from the HC via the fornix, which
is its main efferent pathway (Amaral & Witter, 1995).
While some activation clusters seen in our study can be explained in anatomical terms, it must
be noted that other regions receiving (indirect) input from the HC (e.g. the anterior thalamus)
did not show BOLD signal change. Also, as demonstrated previously (Weitz et al., 2015), hip-
pocampal optogenetic stimulation can yield BOLD activation also in regions that have no direct
fiber connection to the site of stimulation. Due to the relatively low temporal resolution of BOLD
fMRI, we cannot distinguish activations resulting from mono- or polysynaptic pathways.
Several limitations of our study must be noted. Firstly, our control experiment investigating the
heating effects included only a small number of animals, and no laser powers higher than the power
in the main experiment were used. Another limitation is that we did not have histological analyses
for all animals, which means that virus expression in these animals could not be verified. Only
ChR2+ animals exhibited similar local BOLD activation; this effect was independent of whether
histology was obtained or not from these animals.
Due to the limitations inherent in fMRI technology, we cannot distinguish whether the vascular
changes responsible for the BOLD signal change are directly caused by the stimulated glutamater-
gic neurons or by downstream effects (e.g. activity of innervated excitatory or inhibitory neurons,
or glial cells). Also, the HRF defined in our study need not correspond to an HRF elicited by pe-
ripheral sensory stimulation or, for example, memory tasks, since in each case different neuronal
populations may be active.
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In conclusion, we could demonstrate that optogenetic stimulation of the mouse HC yields
local, regional and also distal BOLD signal increase. In particular, we showed that the anatomical
pattern of the BOLD activation depends on the precise locus of stimulation, with more dorsal
stimulation (corresponding to the CA1 region) yielding stronger stimulation in distal projection
regions (insular cortex and striatum).
Our data help define the HRF in the mouse HC, indicating that it has an earlier peak and a
shorter overall duration compared to human data. This is highly relevant for the interpretation of
mouse fMRI studies.
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4. Analysis of Network Changes Induced by
Oxytocin Release
The peptide oxytocin is known as a hormone as well as a neurotransmitter. In the PVN and the
SON, subregions of the hypothalamus, it is produced from the precusor protein oxytocin-neuro-
physin and eventually consists of nine amino acids. Subsequently, it is transported to and stored
in the pituitary gland. There, the release of the hormone into the cardiac system is regulated. In
addition, the transport into axons and dendrites of oxytocin neurons is controlled, thereby reaching
different cortical and subcortical brain regions for central modulation of neuronal activity. Oxy-
tocin plays a fundamental role in parturition and lactation in mammals, and ensures the dam-pup
binding (Shahrokh, Zhang, Diorio, Gratton, & Meaney, 2010). Furthermore, it influences social
interactions and social behavior (Oettl et al., 2016). These properties of oxytocin were shown for
humans as well as for rodents, which proofs the translational character of results in the oxytocin-
ergic system.
In addition, oxytocin operates as a neurotransmitter and is important for the behavior under fear
or stress by regulating the activation of the amygdala. Knobloch et al. were the first to demonstrate
robustly decreased freezing responses in fear-conditioned rats by optogenetically stimulated oxy-
tocin release in the central amygdala (Knobloch et al., 2012). Furthermore, Sabihi et al. showed
a decrease anxiety behavior in male and female rats after an administration of oxytocin into the
prelimbic cortex (Sabihi, Durosko, Dong, & Leuner, 2014). In the rodent brain, oxytocin receptors
are mostly expressed in the limbic system including, for instance, the amygdala and the olfactory
brain regions as well as the hypothalamic nuclei. Their low number, compared to e.g. glutamater-
gic neurons, provides challenges to the investigation of oxytocin. Here, optogenetics is the method
of choice due to its nature to manipulate only specific neurons. Despite numerous studies inves-
tigating the effect of oxytocin and the oxytocinergic system, little is known about the functional
connectivity changes in a modulated oxytocinergic system in vivo, because of the complexity of
the measurement setup.
We hypothesize that changes in the oxytocin associated networks of the basal ganglia and the
51
4. Analysis of Network Changes Induced by Oxytocin Release
olfactory system should be induced by optogenetic stimulation. Further, this activation should
be independent of stimulation in the amygdala or the PVN, due to the direct projections of oxy-
tocinergic axons from the PVN to the amygdala (Knobloch et al., 2012). A reduced resting-state
activation in the default mode network is expected after optogenetic stimulation.
How these networks can be altered by optogenetic induced oxytocin release in rats is topic of
following sections.
4.1. Preliminary Tests
In this section, the neuronal activation due to the optogenetic stimulation is investigated. By this
means, the hemodynamic response function (HRF) of the rats was determined and the BOLD
activation, induced by the optogenetic burst and block stimulation designs, was studied (Figure
2.3). In addition, the origin of the BOLD activation is further investigated and discussed.
4.1.1. Results for Burst Stimulation Paradigm
The HRF was characterized with the burst stimulation paradigm shown in Figure 2.3 b) by an-
alyzing the signal change using FIR. Here, for both ChR2 groups the maximal signal increase
was obtained after 3-4 s. Whereas the result of the BOLD signal showed a return to baseline at
about 10 s for the amygdala group (Figure 4.1 a), the signal obtained in the PVN stimulation group
showed no clear return to baseline (Figure 4.1 b). The following analyses were performed using a
modified HRF as basic function for the GLM, taking into account the results shown in Figure 4.1.
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Figure 4.1.: Determination of the hemodynamic response function in rats’ superior colliculus: The
BOLD response, averaged over all onsets and activated voxels of the cluster with the maximal activation, was
analyzed by finite impulse response, a) for bilateral stimulation in the amygdala (N = 12), b) for stimulation in
the paraventricular nucleus (N = 15).
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For both stimulation locations, the amygdala (Figure 4.2 a) and the PVN (Figure 4.2 b), highly
significant BOLD signal increase was observed for the burst stimulation paradigm (p < .005, 10
voxel minimum cluster size). The maximum of the activation pattern is located in the superior
colliculus (SC). However, the control group of sham rats shows a highly significant increase in
the same area (Figure 4.2 c). The activation of the SC in the ChR2 and control groups, which is
part of the visual system, suggests a direct stimulation of the visual system induced by the laser
stimulation.
4.1.2. Investigation of Superior Colliculus Activation
To further investigate the source of the SC activation, which suggests a visual stimulation occurring
in both groups, we conducted additional experiments. These experiments should clarify, whether
the optical stimulation is caused by (1) scattered light from outside the brain, inducing a stimula-
tion of the optic nerve or by (2) a direct stimulation of the retina by light passing through the brain
tissue.
The experiments were performed on a sham rat without virus injection. The implantation of
the fiber optics was modified so that only one of the two fibers was implanted in the PVN, whereas
the second fiber was fixed above the skull. The light of the second fiber did not infiltrate the brain,
but may directly reach the eyes of the rats as scattered light. The burst stimulation paradigm was
run twice for each fiber implant. Once without a coverage of the fiber coupling and once with
the coupling covered by a rubber hose to minimize scattered light in the surroundings. For the
stimulation without coverage, again, a highly significant BOLD activation was obtained in the SC
(Figure 4.3a-b). In the second part of the experiment with covered coupling, Figure 4.3 c) and d)
showed no significant BOLD signal change in the SC, neither stimulation by the implanted fiber
in the brain tissue of the PVN, nor for the irradiation by the fiber optic out of the brain. This means
that scattered light from outside the brain is responsible for the activation in the SC, otherwise a
signal increase should also be seen for the stimulation in the PVN with covered fiber coupling.
4.1.3. Investigation of the BOLD Signal in Group Comparison
Using a two-sample t-test, we compared all ChR2 rats with the sham rats of the control group.
Our analysis confirmed that the signal change in the ChR2 groups and the control group is equal,
regarding the activation of the SC (Figure 4.4 a-b). No different BOLD signal changes were found
in the SC.
For a threshold of p < .005 and a minimum cluster size of 10 voxels, three significant clusters
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Figure 4.2.: Comparison of the positive BOLD signal change induced by the burst stimulation: a)
Bilateral stimulation in the amygdala (N = 12) with channelrhodopsin-2 (ChR2) expressing neurons, BOLD
signal maximum at 0.5, -4.8, -4.0 (anterior-right-ventral, in mm from bregma); b) Stimulation in the para-
ventricular nucleus (PVN) (N = 15) with ChR2 expressing neurons, BOLD signal maximum at 0.2, -6.2, -
3.6 (anterior-right-ventral, in mm from bregma); c) Stimulation in the PVN (N = 9) without ChR2 expressing
neurons, BOLD signal maximum at 0.2, -5.1, -3.2 (anterior-right-ventral, in mm from bregma); d) Combined
analysis of both ChR2 (N = 27) expressing groups, BOLD signal maximum at 0.2, -6.2, -3.6 (anterior-right-
ventral, in mm from bregma), (p < .005, minimum cluster size k = 10 voxels).
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Figure 4.3.: Investigation of the origin of the BOLD signal change induced by the laser stimulation in
a single rat: BOLD signal increase of a sham rat a) with optical fiber fixed above the skull; b) with implanted
optic fiber in the paraventricular nucleus (PVN). Or with an additional coverage around the fiber coupling: c)
with optical fiber fixed above the skull; d) with implanted optic fiber in the PVN (p < .005, minimum cluster
size k = 10 voxels).
were obtained, which showed a higher signal increase under laser stimulation for the ChR2 group
compared to the control animals. The first is located in the dorsolateral thalamus, the second is
found in the left ventromedial orbital cortex (MVO) and the third in the medial prelimbic/infralim-
bic cortex (mPFC) (Figure 4.4 a). An increased BOLD signal under laser stimulation is observed
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for one cluster placed in the left caudate putamen (CPu) for the control group compared to the
ChR2 rats (Figure 4.4 b).
To investigate possible effects induced by the fiber position, a comparison of optogenetic stimu-
lation in the amygdala with the control (red) and the PVN (yellow) stimulation group, respectively,
were performed. Similarities of the PVN and the control group were observed for a significance
level of p < .005 uncorrected and a minimum cluster size of 5 voxels (Figure 4.5). In either case,
a higher BOLD signal was obtained in two clusters of forebrain regions in the amygdala group.
These are located medial mPFC (0.6, 3.4, -4.3 anterior-right-ventral, in mm from bregma) and in
the somatosensory cortex (5.1, 0, -5.0 anterior-right-ventral, in mm from bregma).
0
1
2
3
4
0
1
2
3
4
5
a) b)
t-
v
a
lu
e
s
t-
v
a
lu
e
s
Figure 4.4.: Group comparison of the channelrhodopsin-2 (ChR2) group to the control group for the
burst design: a) BOLD signal increase of the ChR2 group with laser stimulation compared to the control
group. Coordinates of peak voxel (anterior-right-ventral, in mm from bregma): -1.3, -1.8, -6.5 located in
dorsolateral thalamus, 2.4, 3.6, -4.3 located in the right ventromedial orbital cortex and -0.2, 3.3, -4.3 medial
in prelimbic/infralimbic cortex; b) BOLD signal decrease of ChR2 group with laser stimulation compared to
control group. Coordinates of peak voxel (anterior-right-ventral, in mm from bregma): -2.4, 0.4, -4.3 located
in the left caudate putamen (all shown for p < .005, minimum cluster size of k = 10 voxels).
With the block design experiments it is possible to study the direct BOLD activation changes
under laser stimulation. Moreover, using PPI as an analytic tool brief network changes, which
occur under stimulation or in the rest period, can be investigated.
The laser stimulation in the block design (Figure 2.3 a) is arranged with a 20 s block irradi-
ation with 30 Hz pulses and a pulse duration of 10 ms, followed by 120 s of no irradiation. The
investigation of the BOLD signal changes caused by the optogenetic stimulation is affected by a
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Figure 4.5.: Group comparison of the amygdala stimulation group to the control group and to the
paraventricular nucleus (PVN) group for the burst design: Higher BOLD signal change under laser
stimulation of the amygdala group was observed, compared to the control group (red) and the PVN group
(yellow) (all shown for p < .005, minimum cluster size of k = 5 voxels).
pronounced activation of the SC (Figure 4.6 a-b) which, however, is less significant compared to
the burst design. In a group comparison, no significant differences in the BOLD signal change
were obtained between the ChR2 rats and the control group (Figure 4.6 c-d). Compared to the
burst stimulation protocol, a smaller activation pattern is observed for both ChR2 groups, as well
as for the control animals.
4.1.4. Psychophysiological Interaction
With PPI analysis, connectivity changes under a given task can be investigated and thereby tempo-
rary connectivity changes can be studied. As control for multiple comparison, a NBS with 10000
repetitions was performed for each stimulation locus compared to control as well as a combined
analysis for the ChR2 injected rats. However, no significant results were obtained for the PPI anal-
ysis corrected with NBS. Due to the characteristics of the NBS, the whole network is appraised as
one unit, so possible significant changes of single connections are lost.
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Figure 4.6.: BOLD signal change induced by block stimulation: First row: group analysis for all
channelrhodopsin-2 (ChR2) expressing animals (N = 27), a) increase in BOLD signal, b) decrease in BOLD
signal; Second row: group comparison of the ChR2 group and the control animals, c) ChR2 greater than
control, d) ChR2 smaller than control (all results shown for p < .005 uncorrected and minimum cluster size of
k = 10 voxels).
4.1.5. Interim Conclusion
The BOLD signal response to the laser stimulation showed a highly significant activation with
the maximum in the SC for all measured animals (control and ChR2 expressing rats). The SC
is involved in processing visual stimuli of the retina. Additional measurements were performed
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to clarify this stimulus. The origin of this activation could be an extraneous or a backside retinal
stimulation through the brain tissue. Here, in one sham rats, without ChR2 expression, the BOLD
signal change was recorded. In the measurements without a coverage, the same BOLD signal
pattern was obtained, whereas no BOLD signal change was received for the measurements with a
coverage. So, the origin of the signal as a stimulation of the retina from extraneous is explained by
this experiment. Schmid et al. supports this finding by investigations of heating and light induced
artefacts of optogenetic stimulation in the cortex and thalamus (Schmid et al., 2016). Additionally,
Lau et al. presented similar results, studying the BOLD response in the SC to retinal stimulation
of moving light spots (Lau et al., 2011).
This means that the light absorption of the brain tissue enables a locally defined stimulation.
HRF Determination in Rats: The visual signal, induced by burst laser stimulation, was used
to determine the HRF of rats. Here, a maximum at 3-4 s and a return back to baseline at about
10 s were received. With these results, the obtained HRF in rats has also a faster dynamic than in
humans, but slower compared to mice. Our findings are supported by the observations of Hirano et
al. (Hirano et al., 2011), which showed similar characteristics of the BOLD response to a series of
short (0.3 ms) electrical paw stimulations in rats. These results indicate that the speed of the HRF
is associated with body size and metabolism rate. However, the HRF seems to be dependent on
the mode of stimulation as Ji et al. described (Ji et al., 2012). For the burst stimulation, the ChR2
group showed a higher BOLD activation in the mPFC compared to the control rats. In contrast to
this, for the block design stimulation no significant differences of BOLD response were obtained
in a group comparison of control and ChR2 rats (p < .005 uncorrected with a minimum cluster size
of 10). It could be speculated how this is influenced by an altered HRF due to a longer stimulation
paradigm. This is also supported by the finding of Iordanova and colleagues. In this experiment
a longer stimulus duration was chosen, resulting in a slower rise in BOLD signal response to
optogenetic stimulation in the rat somatosensory cortex (Iordanova et al., 2015).
Short-term Network Changes: With the PPI, short-term network changes are investigated. No
significant changes were obtained, after a NBS correction. Little is known about the dynamics
of oxytocin release and the time span, in which these processes and firing of oxytocin receptive
neurons take place. Ferris et al. found vague BOLD signal changes in olfactory brain regions
(liberal threshold of p < .01 uncorrected) within ten minutes after oxytocin administration into the
lateral cerebral ventricle (Ferris et al., 2015). Knobloch at el. reported about in vitro experiments in
which optogenetic stimulation of oxytocin fibers of the amygdala led to firing of oxytocin receptive
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neurons within a range of 20 s (Knobloch et al., 2012). They also obtained an unfreezing response
up to 2 minutes in fear conditioned rats after 20 s of laser stimulation in the amygdala. This wide
range in the response dynamic maybe explained by the other mode of action of oxytocin as a
hormone. So, due to the complexity of the system, no clear separation in two defined conditions
is possible. Hence, the power of PPI analysis may be of limited benefit to understand the involved
processes.
To summarize, no significant BOLD response was found in expected regions. It seems, that
the number of excited neurons are insufficient for a detectable BOLD signal increase, whereas this
argumentation is limited tenable for projecting regions. However, the unclear onset of the neuronal
firing after stimulation complicates the statistical analysis. For this reason, no short term changes
could be observed.
However, these considerations are leading to the question how the functional network is chang-
ing by oxytocin release in a long-term timescale. Therefore, the connectivity changes in resting-
state scans before and after the block design stimulation will be analyzed in terms of ROI to ROI
correlation analysis, seed-based correlation analysis and graph theoretical measures. The main
interest hereby will be the investigation of similarities and differences between the different stim-
ulation locations on the basal ganglia and olfactory network, which both are influenced by the
optogenetic induced oxytocin release. This investigation will be carried out in the next section.
4.2. Network Analysis of Resting-State Data
The comparison of resting-state measurements before and after the block design stimulation pro-
tocol permits to study long-term connectivity changes induced by the optogenetic stimulation. In
resting-state, the brain activity oscillations are studied without an external trigger and the cor-
relation between different ROIs is analyzed. Several analytical approaches were performed to
investigate these changes. Whole brain connectivity changes were analyzed in a ROI to ROI cor-
relation analysis. To test the hypothesis that oxytocin releasing neurons are influencing the basal
ganglia and olfactory networks, seed-based correlation analyses were conducted. By means of
graph theory, the basal ganglia, olfactory and default mode network were further investigated in
regards to their global network changes as well as the weight of single nodes within the network.
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4.2.1. Regionwise Correlation
The ROI to ROI correlation analysis was performed of the resting-state measurements for all ani-
mals. Using the Schwarz atlas (Schwarz et al., 2006), the brain was hemispherically separated into
ROIs (see Table 2.1). Therefore, the difference of each correlation coefficient pair pre and post op-
togenetic stimulation (post stimulation minus pre stimulation) was calculated. The changes of the
correlation coefficients were afterwards tested in a group statistic with a two-sampled t-test (ChR2-
group and control group). After correction for multiple comparison using an FDR-correction for
all investigated brain regions two significant results were obtained: (1) A significant decrease of
the correlation between the right visual cortex and the left ventral tegmental area (VTA) for the
amygdala stimulated group was obtained compared to controls (Figure 4.7). (2) In a comparison
of the amygdala and the PVN group, a significantly higher correlation of the right lateral globus
pallidus (LGP) and the right habenula (Hb) was found for rats after stimulation of the amygdala
(Figure 4.8) in the basal ganglia associated regions as well as for the whole brain analysis.
4.2.2. Seed-Based Correlations
To test our hypothesis that the basal ganglia and olfactory networks receive input by oxytocin-
releasing neurons and to proof the active state of the brain, a seed region was defined for each
investigated network (basal ganglia, olfactory system, default mode network). The mean time
course of all voxels in each seed region was calculated. Subsequently, the correlation of the mean
time course and each voxel was determined and changes of the correlation post to pre stimulation
were studied. Afterwards, the results (p<.01) were cluster corrected with FSL and qualified as
significant with a p-value of p < .05 FDR-corrected. Figure 4.9 shows the results for the group
comparison between the combined amygdala and PVN stimulation group and the control group.
In the ChR2 group, compared to the control group, two clusters indicated a significant decrease
in correlation to the VTA as the seed region for the basal ganglia network, after the optogenetic
stimulation. The first was located in the transition of the right visual cortex (V), subiculum of
hippocampus (SHC) and the cornu ammonis 1 of hippocampus (CA1HC). The second cluster was
placed in the right CPu, somatosensory cortex and reached caudally into the CA1HC.
For the anterior olfactory nucleus (AON), as the seed region for the olfactory system, signifi-
cantly increased correlation was found in the left CPu, the dorsolateral and dorsomedial thalamus
(MDTh) for the ChR2 rats after laser irradiation (Figure 4.10).
For the seed region of the default mode network, the SHC, two clusters showed a significant
decrease of correlation. One cluster was located bilaterally in the ventromedial striatum (VM-
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Figure 4.7.: Correlation changes between pairs of regions in a whole brain analysis comparing the
amygdala group to the control group: Warm colors indicate an increase in the correlation for the amygdala
group, cold colors an increase for the control group. The threshold was set to p < .05; significant results after
FDR correction are marked by a black bold square.
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Figure 4.8.: Correlation changes between pairs of regions of the basal ganglia network comparing
the paraventricular nucleus (PVN) group to the amygdala group: Warm colors indicate an increase in
the correlation for the PVN group, cold colors an increase for the amygdala group. The threshold was set to
p < .05; significant results after FDR correction are marked by a black bold square.
Stria), the CPu and the lateral septal nucleus (LS) and in the left bed nucleus stria terminalis
(BNST)(Figure 4.11 a). The second cluster was found in the right SC, SHC and the CA1HC
(Figure 4.11 b).
4.2.3. Analysis Using Graph Theory
Graph theory as an analytical tool allows to investigate the impact of distinct brain regions within
a network. Here, the results showed a huge diversity for the different groups and examined net-
works. The investigated networks were the basal ganglia network, the olfactory system and the
default mode network. Furthermore, the visual system was added in the combined analysis of all
networks because of the highly significant BOLD signal increase in the SC due to the optogenetic
stimulation.
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Figure 4.9.: Correlation analysis taking the ventral tegmental area (VTA) as a seed region for the
basal ganglia network: Significantly decreased correlation (p < .05 FDR cluster-corrected) between the
VTA (yellow) and a) a cluster (red) located in visual cortex-subiculum of hippocampus-cornu ammonis 1
of hippocampus; and b) a second cluster (red) in the left caudate putamen-somatosensory cortex-cornu
ammonis 1 of hippocampus was observed (all results shown for p < .01, minimum cluster size k = 50 voxels).
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Figure 4.10.: Correlation analysis taking the anterior olfactory nucleus (AON) as a seed region for the
olfactory system: Significantly increased correlation (p < .05 FDR cluster-corrected) between AON (yellow)
and a cluster (red) located in the left caudate putamen-dorsomedial thalamus was observed (shown for
p < .01, minimum cluster size k = 50 voxels).
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Figure 4.11.: Correlation analysis taking the subiculum of hippocampus (SHC) as a seed region for
the default mode network: Significantly decreased correlation (p < .05 FDR cluster-corrected) between
SHC (yellow) and a) a cluster (red) located in the ventromedial striatum-caudate putamen-lateral septal
nucleus-left bed nucleus stria terminalis; b) a second cluster (red) in the right superior colliculus-SHC-cornu
ammonis 1 of hippocampus was observed (all results shown for p < .01, minimum cluster size k = 50 voxels).
Global Parameters
The oxytocin release is important to regulate the response to reward as well as to control the
behavior in social interaction. The reward response is processed in the basal ganglia network. In
rodents, the olfactory system plays a key role in social recognition. Due to these reasons, we
hypothesize that changes in the basal ganglia and olfactory network should be seen. Additionally,
the default mode network was investigated to demonstrate the level of brain activity by applying
optogenetic stimulation. This network is known to show synchronized activation fluctuations in a
brain at rest.
The basal ganglia network: In the basal ganglia network, the modularity showed a significant
increase for both groups (amygdala and PVN). Additionally, a significant increase in the PVN
group compared to control was received in the small-world index (swi) and the local efficiency,
as well as a trend of an increased clustering coefficient (cc). The global measures indicated no
significant differences between the PVN and the amygdala group (Figure 4.12 b).
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Figure 4.12.: Investigation of global network changes in a group comparisons of the amygdala group to
the control group (blue), the paraventricular nucleus (PVN) group to the control (red) and the amygdala group
to the PVN group (green): a) for a whole brain analysis for all brain regions associated with oxytocin, b) for
the regions of the basal ganglia network, c) for the regions of the olfactory network, d) for the regions of the
default mode network
The olfactory system: Surprisingly, the ChR2 groups showed no significant differences for the
global measures compared to the control rats (Figure 4.12 c).
The default mode network: In the default mode network, a significant decrease in the cc and
the local efficiency was observed for the amygdala and the PVN group compared to the control
group. In addition, the swi showed a significant decrease for the PVN group compared to controls.
Furthermore, there was a trend of a decrease in the modularity and the swi for the amygdala group
compared to the control group. No significant difference was observed for the two optogenetically
stimulated groups (Figure 4.12 d).
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Whole brain analysis: Whole brain analysis includes the aforementioned networks and addi-
tional oxytocin associated brain regions (Table 2.1). All ChR2 transfected rats showed a trend
for an increased characteristic path length (cpl) compared to the control group, all other global
parameters did not display significant differences. In the amygdala group, the swi and the local
efficiency, averaged over all regions, decreased significantly compared to control as well as to the
PVN group, whereas cpl increased significantly in the amygdala group compared to control and
PVN group (Figure 4.12 a).
Local Parameters
The analysis of the whole brain regions for local graph theoretical parameters provided several
changes for both ChR2 groups (amygdala and PVN) compared to the control group. However, we
found differences comparing both ChR2 groups (amygdala and PVN group).
The comparison of the amygdala group with the control rats showed an increase of strength
and degree in the left dorsolateral striatum (DLStria) (a trend for the right side), the left dentate
gyrus of hippocampus (DGHC) and bilateral for the AON. In contrast to that, a decrease in these
two measures occurred bilaterally in SHC, VMStria, including the nucleus accumbens, and the left
olfactory tubercle (Tu) (Table 4.1). The betweenness centrality index (bci) increased significantly
for the left DLStria. For the cc, a decrease in the right SHC was observed, in contrast to an increase
in the left SHC and a bilateral trend in the V. In the local efficiency, a measure related to the cc, a
decrease in the right SHC as well as in the left Tu and the left VTA was obtained, too.
Compared to control, the PVN group showed an increased degree and strength for the left
DGHC after the stimulation, whereas bilaterally a decrease for the VMStria, MVO, the ventral
pallidum (VP) and the V was observed. While an increase in the cc and the local efficiency
was gained bilaterally for the DGHC, the substantia nigra (SN) and the right Tu, a decrease was
measured in the right SC (Table 4.2).
Comparing the two ChR2 groups, the amygdala group obtained a higher strength and degree
for the numerous regions (DLStria, the MVO, the LGP, the left piriform cortex (Pir), the right
cingulate cortex (Cg) and the right VP, whereas the left Tu showed higher values for the PVN
group. For the PVN group, the cc and the local efficiency increased bilaterally for the Tu, the SN,
the VTA, DGHC and the interior colliculus (IC) as well as the right SHC, while the Cg and the
left MVO showed higher values for the amygdala group. The greater betweenness centrality index
(bci) was measured for the amygdala group in the granular cell layer (GCL) after optogenetic
stimulation (Table 4.3).
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Table 4.1.: Group analysis (amygdala group compared to control group) reveals differences of local graph
theoretical measures for whole brain regions in T-values with significance level of p < .05 correspond to
T > 2.09, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
AON left 1.154 1.113 0.246 0.365 0.306
AON right 2.135 1.620 −0.139 1.188 0.859
CA1HC left −1.044 −0.349 −0.466 1.087 0.243
CA1HC right −1.702 −1.490 −1.353 0.040 −0.776
CA3HC left 0.111 −0.293 −0.410 −0.487 −0.126
CA3HC right 0.446 −0.112 1.001 −1.029 −0.474
CPu left 0.385 −0.085 1.998 −0.530 −0.758
CPu right −0.653 −0.621 −0.318 −0.557 −0.628
Cg left 0.404 0.338 0.051 0.149 −0.066
Cg right 1.167 0.427 1.104 0.077 0.021
DGHC left 1.441 2.008 0.780 0.643 0.967
DGHC right −0.178 −0.331 0.277 −1.663 −0.933
DLStria left 3.160 2.766 2.134 0.179 0.905
DLStria right 0.829 0.732 0.649 −0.309 0.106
Ent left 0.166 0.046 0.237 −0.741 −0.913
Ent right 0.145 −0.164 −0.621 −0.700 −0.849
GCL left 1.110 0.868 1.938 0.835 0.817
GCL right 0.449 −0.406 0.051 −1.169 −0.941
GL left −0.603 −0.966 0.795 0.130 0.061
GL right 1.327 0.759 0.313 0.116 0.622
Hb left −0.221 −0.396 0.398 −1.724 −0.975
Hb right −1.010 −0.965 1.447 −0.970 −0.980
IC left 0.392 0.235 1.125 0.101 0.135
IC right −0.018 −0.132 0.099 −0.808 −0.740
LGP left 1.196 1.239 1.527 −0.584 −0.673
LGP right 0.756 0.331 0.937 −0.792 −0.565
MVO left 0.594 0.681 0.959 0.483 0.454
MVO right 0.862 0.061 −0.324 −0.138 −0.094
Pir left 0.951 0.507 0.823 −0.090 0.235
Pir right −0.485 −0.371 0.513 0.088 −0.192
RS left −0.850 −0.785 −0.747 0.713 0.405
RS right −0.206 −0.342 −0.596 0.313 −0.363
SC left −0.913 −1.115 0.785 −0.618 −1.148
SC right −1.453 −1.727 −0.222 −1.313 −1.817
SHC left −1.427 −1.474 −0.965 1.338 0.243
SHC right –2.299 –2.560 −0.969 –2.176 –2.485
SN left 0.056 −0.149 0.324 −0.509 −0.527
SN right 1.340 0.848 −0.794 0.894 0.903
Tu left –2.918 –2.588 −2.003 −0.731 –2.485
Tu right 0.251 0.353 0.867 0.987 −0.172
VMstria left –2.223 –2.109 −1.190 1.032 0.097
VMstria right −0.958 −0.676 −0.233 0.694 −0.135
VP left −1.798 −1.669 −1.090 −1.208 −1.197
VP right 0.668 0.343 −0.325 0.090 0.052
VTA left −1.500 −1.258 0.015 −1.731 –2.381
VTA right 1.741 1.130 −0.073 0.303 0.636
V left −0.479 0.032 0.478 1.535 0.968
V right −2.084 −1.374 −0.931 1.768 0.376
mPFC left 0.148 −0.143 −0.217 0.274 −0.265
mPFC right 0.593 −0.129 1.626 0.475 0.216
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Table 4.2.: Group analysis (paraventricular nucleus group compared to control group) reveals differences
of local graph theoretical measures for whole brain regions in T-values with significance level of p < .05
correspond to T > 2.07, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
AON left 0.184 0.115 −1.254 1.089 0.673
AON right 1.245 0.621 −0.843 1.200 0.872
CA1HC left 0.184 −0.040 0.471 0.395 0.551
CA1HC right −2.040 −1.770 −1.458 0.803 −0.323
CA3HC left 1.569 1.238 0.118 0.821 1.082
CA3HC right 0.566 −0.081 0.300 0.390 0.536
CPu left −0.473 −1.056 0.875 −1.291 −1.312
CPu right −1.195 −1.303 −0.991 −0.210 −0.703
Cg left 0.628 −0.690 0.581 −1.043 −1.325
Cg right 0.534 −1.459 0.003 −1.199 −1.771
DGHC left 2.334 2.489 0.472 1.364 2.061
DGHC right 0.762 0.464 0.423 1.069 1.254
DLStria left 1.486 0.105 1.393 −0.692 −0.373
DLStria right −0.747 −0.899 0.911 −1.001 −0.768
Ent left 0.687 0.456 1.139 0.520 0.730
Ent right 0.271 −0.163 0.967 −0.414 −0.362
GCL left 1.001 0.285 −0.641 2.038 1.830
GCL right −0.029 −0.813 −0.752 −0.553 −0.527
GL left 0.935 0.647 0.992 0.798 1.221
GL right 0.733 0.098 0.115 −0.310 0.213
Hb left 0.766 −0.105 1.251 −1.861 −1.214
Hb right −0.586 −0.676 0.429 −0.757 −0.689
IC left 0.680 0.463 2.003 0.803 1.078
IC right 1.493 0.806 0.185 0.960 1.179
LGP left −0.470 −0.660 0.548 −1.070 −1.630
LGP right −0.098 −0.455 −0.303 0.464 0.152
MVO left −0.104 −0.884 1.343 −0.683 −1.000
MVO right –2.772 –2.164 −1.350 0.589 −0.350
Pir left −0.690 −1.328 −0.660 0.796 −0.099
Pir right −0.694 −1.487 0.025 −0.878 −1.403
RS left −0.029 −0.596 0.127 −0.066 −0.313
RS right −0.716 −1.082 −0.097 0.312 −0.031
SC left −0.088 −0.392 1.543 −0.167 −0.320
SC right −1.287 −1.404 −0.068 –2.117 −2.029
SHC left −1.518 −1.842 0.046 −0.501 −0.766
SHC right −0.636 −1.136 −0.739 −0.006 −0.153
SN left 0.979 1.083 1.460 1.348 1.236
SN right 1.631 1.076 0.477 1.488 1.617
Tu left 0.118 −0.703 −0.786 0.512 −0.218
Tu right 0.474 0.612 1.322 2.187 1.688
VMstria left −1.794 –2.451 −0.969 −0.110 −0.160
VMstria right −0.122 −0.642 −0.782 −0.400 −0.476
VP left −0.783 −1.598 0.140 −1.546 −1.173
VP right −1.172 −1.916 −0.438 −0.772 −0.841
VTA left −0.969 −1.195 0.784 −0.573 −0.914
VTA right 1.136 0.991 1.035 0.729 0.992
V left −1.850 −1.584 0.252 −0.163 −0.703
V right −1.642 −1.504 −0.887 0.868 0.140
mPFC left −0.482 −1.215 −0.009 −0.713 −0.968
mPFC right −0.229 −1.460 0.495 −0.238 −0.698
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Table 4.3.: Group analysis (amygdala group compared to paraventricular nucleus group) reveals differences
of local graph theoretical measures for whole brain regions in T-values with significance level of p < .05
correspond to T > 2.06, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
AON left 1.094 1.085 1.231 −0.835 −0.499
AON right 0.721 0.836 0.457 −0.144 −0.155
CA1HC left −1.103 −0.219 −0.886 0.944 −0.127
CA1HC right −0.107 0.576 0.064 −0.613 −0.703
CA3HC left −1.887 −1.850 −0.600 −1.603 −1.447
CA3HC right −0.158 −0.038 0.821 −1.835 −1.221
CPu left 0.836 0.989 1.297 0.738 0.541
CPu right 0.404 0.508 0.610 −0.501 −0.158
Cg left −0.346 1.196 −0.481 1.940 2.427
Cg right 0.945 2.091 1.048 1.637 2.287
DGHC left −0.940 −0.548 0.523 −0.560 −0.982
DGHC right −1.028 −0.762 −0.010 –2.725 –2.308
DLStria left 2.008 2.534 1.637 0.846 1.313
DLStria right 2.102 2.411 −0.291 0.915 1.214
Ent left −0.611 −0.441 −0.671 −1.313 −1.643
Ent right −0.165 0.078 −1.469 −0.464 −0.604
GCL left 0.303 0.833 2.067 −1.195 −0.949
GCL right 0.511 0.573 0.889 −0.703 −0.452
GL left −1.636 −1.543 −0.201 −0.739 −1.351
GL right 0.649 0.803 0.249 0.593 0.450
Hb left −1.000 −0.322 −0.511 −0.018 0.127
Hb right −0.017 0.048 1.268 −0.190 −0.196
IC left −0.302 −0.297 −1.137 −0.892 −1.208
IC right −1.544 −1.066 −0.132 –2.065 –2.121
LGP left 1.820 2.083 1.469 0.335 0.809
LGP right 1.035 0.866 1.331 −1.178 −0.749
MVO left 0.860 1.723 −0.387 1.561 2.408
MVO right 3.448 2.458 0.867 −0.978 0.326
Pir left 1.836 1.925 1.509 −0.813 0.357
Pir right 0.307 1.431 0.711 1.029 1.473
RS left −0.774 0.023 −1.054 0.965 0.715
RS right 0.500 0.876 −0.737 0.048 −0.452
SC left −0.764 −0.595 −0.996 −0.641 −1.174
SC right 0.059 0.148 −0.099 0.986 0.630
SHC left −0.229 0.550 −1.324 1.909 1.115
SHC right −1.606 −0.947 −0.181 –2.191 –2.397
SN left −0.898 −1.143 −1.104 −2.014 −1.790
SN right −0.403 −0.475 −1.105 −0.684 −0.808
Tu left –2.813 –2.299 −1.360 −1.344 –2.281
Tu right −0.245 −0.226 −0.510 −1.634 −1.937
VMstria left −0.311 0.507 −0.163 1.275 0.269
VMstria right −1.053 −0.140 0.654 1.244 0.384
VP left −1.296 −0.058 −1.224 −0.144 −0.376
VP right 1.863 2.146 0.049 0.915 0.932
VTA left −0.463 −0.268 −0.995 −1.770 –2.185
VTA right 0.478 −0.024 −1.285 −0.545 −0.471
V left 1.285 1.700 0.146 1.795 1.918
V right −1.011 0.190 −0.278 0.821 0.272
mPFC left 0.670 1.278 −0.271 1.335 1.034
mPFC right 0.907 1.551 1.337 0.748 1.097
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Additionally, to investigate changes in specific networks, graph theoretical analysis was per-
formed separately for the basal ganglia network, the olfactory system and the default mode net-
work.
The basal ganglia network: For the amygdala group, an enhancement in the degree and strength
was observed bilaterally for the SN and the LGP, whereas a reduction of these parameters was
registered for the Tu (significant for left hemisphere), the VMStria and the CPu. Also, the left
VP showed a significant decrease in strength compared to the control group. The cc and the local
efficiency was heightened bilaterally for the SN (Table 4.4).
The CPu showed a bilateral decrease in the degree and strength (significant) for the PVN
group, while for the SN an increase for these values was found. In addition, the strength of the Tu
and VMStria was bilaterally reduced. In the SN, bilateral enhancement was registered for the cc
(significant for right hemisphere) and the local efficiency (right hemisphere p < .1 FDR-corrected).
The bci increased significantly for the left SN (Table 4.5).
The comparison of the amygdala group and the PVN group showed only for the cc of the right
LGP a significant increase and a decrease in the bci (Table 4.6).
Table 4.4.: Group analysis (amygdala group compared to control group) reveals differences of local graph
theoretical measures for basal ganglia network in T-values with significance level of p < .05 correspond to
T > 2.09, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
CPu left −1.385 −1.343 0.581 1.828 1.826
CPu right −0.884 −1.208 0.197 −0.225 −0.293
DLStria left 1.872 1.847 1.999 1.176 1.399
DLStria right −0.667 −0.540 0.786 0.138 0.191
Hb left 0.595 0.355 0.997 0.774 0.828
Hb right 0.000 −0.010 0.738 0.268 0.275
LGP left 1.379 1.661 1.815 −0.013 0.287
LGP right 0.994 0.617 0.743 −0.633 0.165
SN left 1.878 1.691 1.184 1.413 1.596
SN right 1.325 0.341 −0.175 1.147 0.902
Tu left −2.072 –2.300 −0.422 −1.535 −1.876
Tu right −1.092 −1.582 −0.705 0.638 0.348
VMstria left −1.369 −1.916 −0.450 −0.377 −0.346
VMstria right −1.363 −1.660 −0.732 −0.247 −0.620
VP left −1.696 –2.211 −1.911 −0.187 −0.449
VP right 0.291 −0.371 −0.280 0.671 0.731
VTA left 1.669 1.265 1.463 1.933 1.268
VTA right 0.451 −0.082 −0.030 −0.888 −0.095
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Table 4.5.: Group analysis (paraventricular nucleus group compared to control group) reveals differences
of local graph theoretical measures for basal ganglia network in T-values with significance level of p < .05
correspond to T > 2.07, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
CPu left −1.841 −2.048 0.889 0.558 0.620
CPu right −1.722 –2.314 −1.275 0.254 0.627
DLStria left 0.909 0.026 −0.230 0.079 0.459
DLStria right −1.502 −1.264 0.804 −0.015 0.029
Hb left 1.572 1.092 1.602 0.466 0.544
Hb right −0.414 −0.651 1.634 −0.731 −0.945
LGP left 0.902 0.120 1.410 −0.048 0.330
LGP right 0.282 0.158 −1.185 1.084 1.056
SN left 1.619 2.133 2.733 1.818 1.807
SN right 1.700 1.269 0.787 2.615 3.207
Tu left −0.908 −1.882 0.013 −1.076 −1.290
Tu right −0.793 −1.066 0.337 0.549 0.550
VMstria left −0.071 −1.392 0.478 0.018 0.459
VMstria right −0.825 −1.807 −0.635 1.358 0.824
VP left −0.857 −1.837 −1.352 0.159 −0.132
VP right 0.072 −0.820 −0.067 −0.029 0.193
VTA left 0.644 0.675 0.516 1.953 1.655
VTA right 0.942 0.831 1.151 −0.939 −0.383
Table 4.6.: Group analysis (amygdala group compared to paraventricular nucleus group) reveals differences
of local graph theoretical measures for basal ganglia network in T-values with significance level of p < .05
correspond to T > 2.06, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
CPu left 0.773 0.962 −0.526 1.009 0.849
CPu right 0.618 0.834 1.553 −0.495 −0.867
DLStria left −1.073 1.522 1.725 1.173 1.046
DLStria right −1.107 0.861 0.123 0.258 0.233
Hb left −0.832 −0.683 −0.346 0.644 0.685
Hb right 0.456 0.721 −0.802 1.088 1.117
LGP left 0.628 1.367 0.152 0.023 0.094
LGP right 1.256 0.803 2.240 −2.059 −1.084
SN left 0.423 0.018 −0.405 0.193 0.563
SN right −0.690 −1.112 −0.844 −1.125 −1.467
Tu left −1.343 −0.672 −0.474 −1.064 −1.336
Tu right −0.519 −0.853 −1.165 0.053 −0.189
VMstria left −1.521 −0.656 −0.922 −0.325 −0.858
VMstria right −0.750 0.082 −0.014 −1.603 −1.561
VP left −1.182 −0.333 −0.838 −0.411 −0.470
VP right 0.234 0.483 −0.236 0.832 0.669
VTA left 0.927 0.477 1.477 0.221 −0.040
VTA right −0.462 −0.913 −1.133 0.138 0.269
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The olfactory system: In the olfactory system, a significant increase in the degree and strength
of the AON for the amygdala group was obtained. In the AON, an increase in the cc and the
local efficiency, and a decrease in the Tu and the right GCL was registered. The bci decreased
significantly for the left lateral entorhinal cortex (Ent) (Table 4.7).
The PVN group also showed an increase in the degree (significant) and strength for the right
AON, whereas for the left AON no difference to the control group was obtained. The strength
of the connections of right GCL was reduced. Regarding the cc and the local efficiency, only the
AON indicated a raise for both hemispheres (Table 4.8).
Even if both ChR2 groups showed similarities between each other compared to the control
animals, there were also some differences observed. So, demonstrated the amygdala group a
significant increase in the degree and strength in the left AON, but significant higher values were
found for the degree and bci for the left Tu in the PVN group (Table 4.9).
Table 4.7.: Group analysis (amygdala group compared to control group) reveals differences of local graph
theoretical measures for olfactory network in T-values with significance level of p < .05 correspond to T > 2.09,
significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
AON left 1.157 1.566 1.064 1.326 1.557
AON right 2.138 2.201 0.413 1.646 1.544
Ent left −1.814 −1.404 –2.142 0.294 0.188
Ent right 1.447 2.076 1.708 1.516 1.579
GCL left 0.661 0.661 −0.417 0.527 0.555
GCL right −1.095 −1.866 1.151 –2.149 –2.280
GL left −0.726 −0.707 −0.451 0.162 0.184
GL right −0.761 −0.835 −0.937 0.125 0.426
MVO left −1.265 −0.564 −1.901 −0.543 −1.055
MVO right 0.561 0.424 −1.234 0.329 0.296
Pir left 0.925 1.313 −0.209 0.192 0.434
Pir right −0.662 0.125 −1.018 −0.729 −0.989
Tu left −0.782 −0.532 −1.307 −1.308 −1.302
Tu right −0.275 −0.205 −0.062 −0.956 −1.016
The default mode network: The degree and strength of the connectivity in the left DGHC raised
significantly for the amygdala group compared to control rats, while diminished values for the right
SHC were obtained. The cc and the local efficiency were decreased bilaterally for the MVO, the
SHC and the right DGHC in the amygdala group. The bci was significantly enhanced for the left
DGHC, whereas the values for the retrosplenial cortex (RS) was diminished (Table 4.10).
The degree and strength were significantly (p < .1 FDR-corrected) enhanced for the left DGHC
of the PVN group compared to controls and significantly reduced for the right MVO. Considering
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Table 4.8.: Group analysis (paraventricular nucleus group compared to control group) reveals differences of
local graph theoretical measures for olfactory network in T-values with significance level of p < .05 correspond
to T > 2.07, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
AON left −0.485 −0.035 0.101 1.334 0.884
AON right 2.317 1.957 0.214 1.002 1.132
Ent left −0.546 −0.515 −1.269 0.023 0.050
Ent right 0.327 0.341 1.666 −0.067 0.088
GCL left 0.410 0.039 −1.329 −0.070 0.048
GCL right −1.319 –2.078 0.521 −0.193 −0.211
GL left 0.475 0.471 −0.315 −0.357 −0.087
GL right −0.193 −0.077 0.166 −1.828 −1.626
MVO left −0.560 −0.997 −0.349 −1.542 −1.775
MVO right −0.079 −1.154 −1.459 0.611 0.785
Pir left −0.350 −0.427 −0.363 0.713 0.743
Pir right −1.099 −1.233 −0.427 −0.965 −1.135
Tu left 1.614 0.813 1.942 −0.677 −0.213
Tu right −0.299 −0.648 −0.763 −0.639 −0.464
Table 4.9.: Group analysis (amygdala group compared to paraventricular nucleus group) reveals differences
of local graph theoretical measures for olfactory network in T-values with significance level of p < .05 corre-
spond to T > 2.06, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
AON left 2.373 2.278 1.544 −0.337 0.458
AON right 0.395 0.663 0.280 0.525 0.334
Ent left −0.905 −0.635 −1.265 0.211 0.106
Ent right 0.857 1.137 0.089 1.304 1.041
GCL left 0.410 0.823 0.900 0.734 0.684
GCL right 0.135 0.246 0.768 −1.122 −1.152
GL left −1.183 −1.078 −0.022 0.430 0.276
GL right −0.786 −0.812 −1.226 1.918 1.967
MVO left −0.941 0.486 −1.290 1.166 0.830
MVO right 0.648 1.612 0.518 −0.317 −0.644
Pir left 1.467 1.742 0.116 −0.264 0.005
Pir right 0.439 1.534 −0.235 0.244 0.195
Tu left –2.735 −1.650 –3.327 −0.383 −0.968
Tu right 0.085 0.530 0.877 −0.524 −0.589
the response of degree and strength together, diminished values were also observed in the mPFC.
In addition, a raise in the cc and the local efficiency of the left DGHC was registered, but a bilateral
decrease in the SHC, MVO and Cg was observed. Moreover, the bci was significantly increased
for the left SHC (Table 4.11).
When comparing the two ChR2 groups, higher values were obtained for the amygdala group
in the strength of the Cg and the MVO, which also showed an increased degree. For the PVN
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group these values of the right DGHC were raised. The same results were observed for the cc
and the local efficiency, with higher values in the DGHC for the PVN group, and lower values for
the Cg compared to the amygdala group. Moreover, the bci was significantly increased in the left
CA1HC and the right RS for the PVN group (Table 4.12).
Table 4.10.: Group analysis (amygdala group compared to control group) reveals differences of local graph
theoretical measures for default mode network in T-values with significance level of p < .05 correspond to
T > 2.09, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
CA1HC left −0.390 0.061 −1.188 0.221 −0.042
CA1HC right −0.315 −0.334 −1.721 0.076 −0.148
CA3HC left −0.249 −0.371 0.085 −0.455 −0.495
CA3HC right −0.297 −0.650 0.742 −0.255 −0.119
Cg left 0.266 0.680 1.340 −1.048 −0.518
Cg right 1.167 0.570 0.774 0.034 0.761
DGHC left 2.453 2.440 2.294 0.880 1.005
DGHC right −0.859 −1.236 −0.252 −1.952 −1.980
MVO left 1.268 0.700 1.657 −1.211 −0.518
MVO right −0.405 −0.608 0.902 −1.277 −1.429
RS left −0.309 −0.516 –2.983 0.123 0.080
RS right 0.309 0.231 −0.832 0.116 0.126
SHC left 0.532 −0.122 0.268 −1.719 −1.410
SHC right –2.379 –2.326 0.005 −1.695 −1.897
mPFC left −0.134 0.015 −0.225 −0.143 0.191
mPFC right −0.746 −1.305 0.390 −0.326 −0.150
4.3. Discussion
We reported long-term modifications in all hypothesis-driven networks due to optogenetic stimu-
lation of oxytocin-releasing neurons in the amygdala as well as in the PVN. The change in corre-
lation coefficients between ROIs was identified. Moreover, the long-term changes of defined seed
regions were determined in a voxel-based correlation analysis for the whole brain.
The highly significant decrease in correlation between the left VTA and right visual cortex may
be initiated by the visual stimulation. Dinopoulos et al. showed that mostly dopaminergic neurons
project from V to VTA in rats of all ages (Dinopoulos & Parnavelas, 1991), it was also reported
of contralateral projections in rats (Dreher, Dehay, & Bullier, 1990). This result is also confirmed
by the correlation analysis with the VTA taken as seed region. However, an ipsilateral correlation
change would also be expected.
A significant increase in correlation of the right LGP and the right Hb was seen in the amyg-
dala group compared to the PVN animals. A possible explanation could be the inhibition by the
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Table 4.11.: Group analysis (paraventricular nucleus group compared to control group) reveals differences
of local graph theoretical measures for default mode network in T-values with significance level of p < .05
correspond to T > 2.07, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
CA1HC left 1.294 0.366 1.147 −0.893 −0.695
CA1HC right −1.230 −1.268 −1.922 0.785 0.422
CA3HC left 0.731 0.681 1.048 0.035 0.062
CA3HC right −0.795 −0.620 0.236 −0.046 −0.092
Cg left 0.406 −0.369 1.329 −2.047 −1.221
Cg right 0.690 −1.085 1.168 −1.081 −0.813
DGHC left 3.237 3.115 1.569 2.224 2.497
DGHC right 0.881 0.568 1.666 −0.781 −0.645
MVO left 0.014 −0.830 1.168 −1.383 −1.180
MVO right –2.117 −1.999 0.721 −1.434 −1.803
RS left −0.165 −0.709 −1.167 −0.376 −0.339
RS right 0.151 −0.044 0.602 0.005 0.076
SHC left −0.129 −0.949 2.213 –2.203 −1.975
SHC right −0.824 −1.180 0.445 −0.807 −0.930
mPFC left −0.708 −1.089 −0.062 −1.171 −0.957
mPFC right −0.912 −1.992 −0.166 −0.942 −0.930
Table 4.12.: Group analysis (amygdala group compared to paraventricular nucleus group) reveals differ-
ences of local graph theoretical measures for default mode network in T-values with significance level of
p < .05 correspond to T > 2.06, significant results are highlighted in bold.
Region Degree Strength Betweenness Clustering local
Centrality Coefficient Efficiency
CA1HC left −1.567 −0.322 –2.212 1.651 0.857
CA1HC right 0.698 0.909 0.482 −0.811 −0.677
CA3HC left −1.172 −1.238 −0.458 −0.669 −0.746
CA3HC right 0.589 −0.058 0.858 −0.368 −0.067
Cg left −0.167 1.250 0.244 1.941 1.306
Cg right 0.824 2.186 −0.573 1.141 1.674
DGHC left −0.363 −0.405 1.480 −0.750 −0.796
DGHC right −1.673 −1.883 −1.398 −1.839 −1.953
MVO left 1.883 1.858 0.708 0.179 1.155
MVO right 1.357 1.556 0.240 −0.128 0.488
RS left −0.176 0.315 −1.184 0.519 0.463
RS right 0.320 0.349 –2.081 0.199 0.117
SHC left 0.830 0.823 −1.991 0.180 0.356
SHC right −1.563 −0.893 −0.385 −1.683 −1.763
mPFC left 0.798 1.506 −0.282 1.439 1.681
mPFC right 0.378 0.951 0.673 0.613 0.649
optogenetic stimulation of the dopaminergic neurons in the LGP projecting to the Hb (Hong &
Hikosaka, 2013).
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The basal ganglia network: In accordance with the hypothesis, we found no significant differ-
ences between the stimulation in the amygdala and the PVN. The results of the global graph the-
oretical measures showed enhanced values for both ChR2 groups compared to the control group
(Figure 4.12 b). The basal ganglia is associated with motoric processes and social interaction.
Knobloch et al. showed a decreased freezing response after oxytocin injection in fear condi-
tioned rats, which they traced back to the activated γ-aminobutyric acidergic (γ-aminobutyric acid
(GABA)) circuit by oxytocin axons (Knobloch et al., 2012; Viviani et al., 2011). Another study
presented that the decrease in freezing could be reversed after administration of oxytocin receptor
antagonist (Campbell-Smith, Holmes, Lingawi, Panayi, & Westbrook, 2015). These studies con-
firm the modulation by oxytocin release driven by the optogenetic stimulation. The strengthened
connections of the SN and the LGP as the main input region for the basal ganglia circuit especially
support this assumption (Bolam, Hanley, Booth, & Bevan, 2000).
Both regions, the SN and the internal LGP receive GABAergic input from the striatum, leading
to the reduced inhibition of the cortex via the thalamus. This results in a hyperkinetic state by an
excitation of the muscles. The indirect pathway of input signal of the striatum is passing through
the external LGP and subthalamic nucleus, leading to an excitation of the the SN and the internal
LGP and resulting in a hypokinetic state. So, for both pathways (direct and indirect) the flow
of information is passing through the SN and the LGP, which is supported by our results (Mink,
1996; DeLong, 2000; Stephenson-Jones, Ericsson, Robertson, & Grillner, 2012).
The olfactory network: In the olfactory system, no global parameter changes were observed
compared to the control group. The olfactory network is associated with the social recognition
and social memory, which is influenced by oxytocin release in the PVN (Wacker & Ludwig, 2012;
Munetomo, Ishii, Miyamoto, Sakuma, & Kondo, 2016). Ferris at el. showed a BOLD signal
change in the olfactory system after peripheral oxytocin administration and injection in the lateral
cerebral ventricle (Ferris et al., 2015). The AON plays a main role in regulation of the infor-
mation process of olfaction (Brunjes, Illig, & Meyer, 2005). Here, we found an increase in the
strength and degree of AON for both ChR2 groups compared to control rats, which may indicate
an enhancement by the optogenetic stimulation. Additionally, the significant increase in the corre-
lation for the AON as a seed region to the left CPu compared to control group, may support this
assumption.
The default mode network: In resting-state measurements in rodents as well as in humans, the
default mode network was observed and is associated with the brain at rest (Greicius et al., 2003;
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Lu et al., 2012). The hypothesis was confirmed by the similarity of the results of the global graph
theoretical measures of both ChR2 groups compared to control rats. Diminished values compared
to the control group were obtained for the ChR2 groups, which can be associated with a no resting-
state condition of the brain caused by the optogenetic stimulation.
Preliminary tests showed that a direct effect, induced by the optogenetic stimulation, could not
be detected. This can be explained by the small number of oxytocin-releasing neurons. Addi-
tionally, the hormonal character of the oxytocin leads to a less defined onset and duration of the
system response on a short-term timescale. Resting-state analysis is based on synchronicity and
correlations of activity oscillations. In this approach, no defined onset is needed to characterize
functional connectivity. All three investigated networks were modified as expected by the optoge-
netic stimulation with an increase in the basal ganglia and olfactory network for the ChR2 groups
and a decrease in the default mode network compared to the control group.
78
5. General Discussion
The main objective of this study was to investigate optogenetic manipulation of neuronal activation
and connectivity changes in mice and rats, using fMRI as an analytical method at a 9.4 T scanner.
Thus, this work is divided into two chapters focusing on one neurotransmitter each, glutamate in
mice and oxytocin in rats. In the first part, the hippocampal activation induced by optogenetic
stimulation of glutamatergic neurons of the left HC in mice was studied. In this context, unspe-
cific effects of the laser stimulation regarding the fMRI images were examined. Additionally, the
impact of the optical fiber position on the hippocampal-prefrontal projections was investigated.
In the second part, oxytocin distributing neurons were optogenetically stimulated either in the
PVN or in the amygdala of rats. We studied long-term changes in connectivity based on ROI to
ROI correlation differences. Seed regions for defined functional networks were determined and
voxel-based changes in correlation to the seed were calculated. Additionally, short-term connec-
tivity changes were examined in a PPI analysis as well as direct BOLD signal changes.
In both parts, we investigated the characteristics of the hemodynamic response function due to
optical stimulation in mice and rats.
5.1. Hippocampal Study
In a preliminary study, unspecific effects caused by the laser stimulation were studied. An increase
in unspecific signal change depending on the laser intensity and illumination duration were in
accordance with previous findings (Christie et al., 2013). The heating of the tissue by the laser
affects the 1H nuclei in two ways: (1) The higher temperature in the surrounding of the irradiation
locus leads to a shift in the resonance frequency of the proton spin, which then is manifested in
a signal change. (2) Due to the change of the resonance frequency also the phase encoding is
diminished resulting in a displacement of the voxel.
The preliminary study revealed a different dynamic of the HRF in mice compared to human
data. A maximum at around 2 seconds and return to baseline after 6-7 seconds were observed
in the mouse HC, whereas the maximum for human HRF is around 5 seconds and the return to
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baseline after about 16 seconds (Dale & Buckner, 1997; Henson & Friston, 2011; Rosen et al.,
1998; Puckett et al., 2014). A possible reason for this faster nature in mice could be the faster
metabolism and the smaller body size. Therefore, smaller distances and higher heart rates in
mice allow a faster adaption. Taking the effects of different anesthetics into account, the results
are in accordance with previous findings (Kahn et al., 2011; Iordanova et al., 2015; Drew et al.,
2011). These results could also be confirmed by group analysis of ten transgenic male mice (α-
CamKII-Cre). The group analysis showed highly significant and robust BOLD activation patterns
in the ipsi- and contralateral HC under laser stimulation as well as some projection areas of the
HC (striatum, frontal cortex, septum and nucleus accumbens, Figure 3.2.4 c-f). However, it must
be noted that a high inter-individual variability was found in the investigated mice for projection
regions of the HC (Figure 3.2.4 a-b). The dorso-ventral axis of the fiber tip position was taken
as a covariate of interest in a regression analysis. The projection regions in the frontal cortex
demonstrated a stronger BOLD activation for more dorsal stimulations in the cornu ammonis of
the HC. A plausible explanation for this and the inter-individual variability could be the greater
number of excited neurons.
5.2. Network Analysis Study
The approach to investigate the optogenetic stimulation of oxytocin-releasing neurons in rats was
similar to the one applied to mice (Chapter 3). First, the HRF was determined, which showed a
peak at around 3-4 seconds and a return to baseline at about 10 seconds after stimulation onset.
This means a slower HRF compared to mice, but a faster HRF compared to humans. Again, con-
sidering the body size and the metabolism, the result is in line with our expectations. Keeping in
mind the effect of different anesthetics, our findings are consistent with results published by other
research groups (Kahn et al., 2011; Iordanova et al., 2015; Drew et al., 2011). The stimulation
paradigm of brief one second laser stimulations produced a highly significant BOLD activation
in the SC for the ChR2 groups (Figure 4.2 a, b, d). However, the control group, without im-
plemented ChR2 channels, showed similar BOLD activation patterns (Figure 4.2 c). The signal
change could be traced back to visual stimulation, and was prevented in test measurements by
adding an opaque coverage around the optical fibers (Figure 4.3). Due to the small number of ex-
cited oxytocin-releasing neurons per voxel, no huge BOLD signal change compared to the control
group was expected. In the block excitation design with 20 seconds of laser stimulation followed
by 120 seconds rest period with no laser irradiation, short-term connectivity changes were studied
with PPI, but no robust results were received. This can be explained by the strict conditions used
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in the PPI, which are defined by the laser’s on and off periods. That means, if the response of
the oxytocin release is shifted to the laser on state, no clear separation between the two states can
be defined. However, the long-term effects studied by resting-state analysis before and after the
stimulation, displayed changes in the correlation between the ROIs and correlations between the
seed regions and voxels. For the seed to voxel analysis, several seed regions showed a change in
the correlation with the nucleus accumbens, which in previous studies have been found to play
an important role in social interaction (Herisson et al., 2016; Olazábal & Young, 2006; Dumais,
Bredewold, Mayer, & Veenema, 2013) as well as in the reward system (Day, Jones, & Carelli,
2011; Donnelly et al., 2014; Hikida, Morita, & Macpherson, 2016). In graph theoretical measures,
single nodes showed changes for all investigated networks. However, in contrast to the hypothesis,
the results for the amygdala group and the PVN group differ to a great extent for single nodes. In
the whole brain analysis, a high similarity between the values obtained for the PVN group and the
control group, compared to the amygdala group were found for the global parameter results of the
graph theoretical measures.
Hence, the impact of the visual stimulation to the whole system has to be clarified. Addition-
ally, it has to be resolved to which extent the stimulation with two fiber optics in the amygdala
group, compared to the stimulation with one fiber for the PVN and the control group, influences
the results.
5.3. Limitations
The quality of the presented data has some limitation. The group size for both experiments is rather
small. Additionally, the experimental series for the HC stimulation features only a small number of
mice serving as a control group. In the control experiments for the burst paradigm (Chapter 3.2.3),
no higher laser powers are investigated than in the study. It is reasonable to assume, however, that
the effect depends on the amount of transferred energy into the tissue, which is considerably higher
in the block design over time (Chapter 3.1.2), compared to the burst design. The control group
of the oxytocin study was only stimulated in the PVN, but not in the amygdala. Furthermore, an
unintentional effect caused by the visual stimulation of the retina, due to the laser excitation, was
measured. In general, it is difficult to estimate possible residual effects of the retina stimulation
in the analyzed data. A possible solution with an opaque coverage around the optical fibers could
be presented, which is easy to implement in future studies. Additionally, the results of the graph
theoretical investigation have to be confirmed by further studies, due to the lack of statistical
correction for multiple comparisons.
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5.4. Outlook
The demonstrated power of opto-fMRI allows further investigation into the improvement of the
methodological and technical aspect as well as further development of the presented studies. As a
next step for the latter, it would be interesting to investigate the stimulation of oxytocin-releasing
neurons in rats after social interaction. A second approach could be an additional exposure of
odors of conspecifics (male as well as female) to the optogenetic excitation. As a third approach,
the combination of excitation and inhibition of oxytocin-releasing neurons by two different laser
light frequencies can also be considered. By means of these experiments, the role of oxytocin and
associated networks could be studied.
Animal models for psychiatric disorders or diseases could be tested by optogenetic stimulation
in key regions associated with the investigated disease. For instance, rats bred for learned helpless-
ness are an established animal model for depression. It is known that the activation of the habenula
is associated with depression. So, by infiltrating an inhibitory channel in the habenula in learned
helplessness rats, the neuronal activation and firing of the habenula could be suppressed by laser
irradiation of these neurons. This therapeutic approach could be analyzed by fMRI measurements
and result in a relief of depression, which could be confirmed by behavioral tests.
Besides that, further methodological enhancements would be possible. Here, an interesting
next step would be the extended combination of opto-fMRI and spectroscopy. The advantage
of such a combination would be the direct measurement of the metabolisms of a specific type
of neurons under stimulation. Some aspects have to be noted. Due to the lesion caused by the
implantation of the fiber optics, the investigation of the metabolites should not be located in the
surroundings of the fiber tip. Activated projecting regions by the laser stimulation should be
preferred, like, for instance the contralateral HC presented in chapter 3.2. For the spectroscopy
measurements, an increase in signal-to-noise ratio (SNR) would be beneficial. With a better SNR,
either the quality of the fMRI images could be increased, or the acquisition time for fMRI and
spectroscopy measurements could be reduced. This could be achieved by using cryo coils for the
the opto-fMRI measurements. Due to the design of the cryo coils, the opto-fMRI setup would have
to be modified. Particularly, the routing of the optical fiber and the implantation design would have
to be adapted, because of the limited space above the animal head for the implant using cryo coils.
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The main goal of this thesis was to establish optogenetic functional magnetic resonance imaging
(opto-fMRI) in mice and rats, using a 9.4 Tesla high field magnetic resonance animal scanner
at the Central Institute of Mental Health. Therefore, the measurements were conducted with a
combination of a excitation volume coil and a surface receiver coil (Bruker, Ettlingen, Germany).
The surface receiving coils used for mice and rats are anatomically shaped with a hole in the middle
of the coil for the optical fiber for the optogenetic stimulation. For all optogenetic experiments
the light sensitive ion channel channelrhodopsin-2 (ChR2) was infiltrated in the target region by
an adeno-associated viral vector. After three weeks, the ChR2 was implemented in the neuronal
membrane and the fiber optics were implanted in the desired brain regions.
The issue we wanted to address, in relation to the optogenetic measurements, was, how induced
artifacts in the images due to laser irradiation occur and how are they controllable?
In the first part of the experiments, optogenetic stimulation of the left hippocampus (HC) in
mice was investigated. Two questions should be answered: (1) How can one expand the acti-
vation pattern due to an optogenetic stimulation of glutamatergic neurons in mouse HC? (2) To
what extent can the hippocampal and prefrontal interactions be influenced? In the second part of
the experiments, the question was to study the oxytocinergic system response to an optogenetic
stimulation in the rats’ paraventricular nucleus (PVN) and amygdala. Here, the challenge was
to investigate the relatively scarce oxytocin releasing neurons and with that test the specificity of
optogenetic stimulation. The hypothesis was to find similar results for both stimulation scenarios,
due to the fact that the neuron fibers located in the amygdala should also be retrogradely stimulat-
ing the neurons in the PVN. With an adjusted stimulation paradigm of a brief laser stimulation of
one second followed by a rest period, the characterization of the hemodynamic response function
(HRF) in mice and rats was determined.
In the first experiment, mice with expressed ChR2 in glutamatergic neurons in the left hip-
pocampus and mice without infiltrated ChR2 for control, were studied. In the control mice, two
different laser stimulation paradigms (block and burst stimulation) with different averaged laser
power (1-3 mW) were conducted to probe for unspecific effects caused by the laser irradiation.
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Based on these results, further experiments were performed with the burst stimulation protocol.
Here, the blood oxygen level dependent (BOLD) response to a brief stimulation of the left HC and
the impact of the precise fiber position to the prefrontal-hippocampal network was studied.
We demonstrated in sham mice without expressed ChR2 that optical stimulation above a de-
termined laser power depending on the irradiation paradigm leads to unspecific signal changes/
artifacts in the surroundings of the fiber tip. For optogenetic stimulation of the left hippocampus
in ten mice, a significantly BOLD signal increase was obtained in the ipsi- and contralateral hip-
pocampus. Additionally, a faster HRF, compared to measurements in humans, was acquired with
the maximum at about 2 s and return to baseline after approximately 6-7 s, which can be explained
by the small body size and faster metabolism. The impact of the hippocampus on the frontal lobe
was demonstrated by considering the tip position of the fiber. Therefore, the depth of penetration
from the skull was taken as a covariate in a regression analysis. It was shown that the more neu-
rons were stimulated the more the frontal lobe was activated. Furthermore, the results confirm the
specificity of optogenetic stimulation.
In the second experiment, the response to optogenetic stimulation of oxytocin releasing neu-
rons was studied. Therefore, we investigated three groups in total: two with expressed ChR2
channels in the neuronal membrane and one control group without. The laser stimulation was de-
livered to the amygdala for the first ChR2 group, and to the PVN for the second ChR2 group and
the control group. The animals were imaged in one session, which includes one scan with laser
stimulation, framed by two scans without laser irradiation. The laser paradigm was conducted
as a pulsed block design with 20 s of stimulation and a pulse frequency of 30 Hz, followed by a
rest period of 120 s. By means of graph theory analysis, network changes induced by the optoge-
netic stimulation were studied, evaluating the differences between the measurements without laser
irradiation.
All three groups showed similar BOLD activation patterns under optogenetic stimulation.
These activations were referred to as extraneous optical stimulation of the retina by the laser light.
With an opaque coating of the optic fiber the activation patterns vanished. In the group comparison
for network changes after the laser stimulation, similar changes in both ChR2 groups compared to
control were obtained for global values in the basal ganglia and default mode network. No changes
in the olfactory network compared to control were recorded. For all three networks, a high variety
in region specific graph theoretical measures was seen.
These results underlie the successful stimulation of local neuronal activation as well as ma-
nipulation of neuronal networks in mice and rats, using optogenetics combined with functional
magnetic resonance imaging.
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A. Appendix
Supplementary Figure to Chapter 3.2
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Figure A.1.: BOLD responses to optogenetic laser stimulation in mice brain: All significant voxels
(p<.05, FWE corrected) are shown, color-coded according to t values. For each mouse (M1-M9), a dif-
ferent color scale is used. a) First-level statistics for single mice with histologically proven virus expression.
b) 1st level statistics for single mice without proven virus expression; otherwise, same display method as in
a)
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